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N O T  C E

'THIS DOCUMENT HAS BEEN REPRODUCED FROM THE
BEST COPY FURNISHED US BY THE SPONSORING
AGENCY. ALTHOUGH IT IS RECOGNIZED THAT CER-
TAIN PORTIONS ARE ILLEGIBLE, IT 1S BEING RE-
LEASED IN THE INTEREST OF MAKING AVAILABLE
AS MUCH INFORMATION AS POSSIBLE.
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ABSTRACT

The increasing attention given to aefodynamically generated noise
brings into focus the need for quality experimental research in this
area. To meet this need several specialized anechoic wind tunnels have
been constructed. In many-cases, however, budgetary constraints and
the like make it desirable to use conventional wind tunnels for this
work. Three basic problems are inherent in conventional facilities,
high background noise, strong frequency dependent reverberation effects
and unique instrumentation problems. This report critically evaluates’
the known acoustic characteristics of several conventional wind tunnels
and presents new data obtained in é smaller 4- x 5~foot wind tunnel
which is convertible from a closed jet to an open jet mode. The data
from these tunnels serve as a guideline for proposed modiéications to
a 7- x 10-foot wind tunnel, Consideration is given tc acoustic treat-
ment in several different portions of the wind tunnel. Model scaling,
data reduction techniques and instrumentation requirements are reviewed
It is concluded that meaningful acoustic data can be obtained in
conventional wind tunnels but only under specific conditions. The
overall technique will require a careful balance of acoustic treatment,
selection of proper model scaling and specialized experimental techniques

and data reduction schemes.



: 1. INTRODUCTION

The subject of aerodynamically generated noise is becoming increas-
ingly important from both a military and civilian point of view. It is
expected that the full utilization of helicopters and other V/STOL
vehicles will depend on the ability to operate at acceptable noise
levels. One feature of the overall problem is the radiation of noise
from rotors, propellers, tfans and other rotating devices.

Recent advances have been made in the theoretical analysis of
this problem but there is still a great need for meaningful experi-
mental data. This fact is underscored when one notes that current
rotor noise theory requires detailed aerodynamic data as input. In
order to cbtain meeningful experimental data in this area, careful
attention must be paid to modelling the aerodynamics of a given
problem under controlled conditions in an environment which is suit-
able for acoustic measurements. This implies that experimental
research of this type is an order of magnitude more difficult than
standard aerodynamic tests since not only is dynamic similitude
necessary but the resulting acoustic signal must be received undis-
torted and reasonably free of background noise.

In order to obtain experimental measurements of all types of
aerodynamically-generated noise under controlled conditions the
acoustician or zerodynamicist is resorting more and more to the use
of wind tunnels. Powered models or air jets have been installed in

the test section of both open and closed throat wind tunnels and noise

l



measurements taken with microphones mounted both internally and
externally tc the tunnel. Most of these investigators will probably
admit that such measurements are questionable; certainly on an absolute
basis and possibly even on a relative basis. The reasons for the
uncertainty in the measurements arise from several causes. First,

ohe is faced with the background noise level which is preseﬁt to
varying degrees in wind tunnels. This arises from various mechanical
sources associated with the wind tunnel fan and its power source; it
also ;esults from noise generated aerodynamically by flow separation
from various. parts of the circuit or from secondary or periodic flows
produced by the turning vanes; it is also produced by turbulent
fluctuations in the shear layer along the interior walls of the tunnel
or; in the case of an open jet, in the boundary between the jet and
the surrounding air.

Another problem arises from the reverberation produced by the
confining and reflecting tunnel walls. Any noise signal produced by
the object under study will propagate to the various tunnel components
and will be reflected and scattered which results in a distorted
signal at the receiver.

One other problem with obtaining reliable noise measurements in
a wind tunnel concerns the scalihg of the noise measurements obtained
with the model in order to predict the levels which would be produced
by the full sized machine. Assuming certain scaling parameters to be
conétant, one can make predictions, for example, of how the noise of

a given geometric rotor design will vary with the rotor size. However,



if the model of this rotor is fairly small then one must be concerned
with Reynolds number effects, which could appreciably alter the noise
characteristics of the rotor (for example, that noise produced by
vortex shedding). A summary of some of the problem areas is given in
Table I.

The objective of this study is to critically evaluate the state
of the art in experimental aeroacoustic research and to provide base-
line data applicable to rotor noise studies currently underway. Three
clearly different avenues of approach are open to investigation;
design and build a completely new faéility featuring specially designed
acoustic treatment for lo& background noise levels and incorporating an
anechoic test section, modifying an existing wind tunnel or the use of
a conventional wind tunnel in its present configuration.

The appreocach taken during this studv consisted of twn nhases: a
review of the "state of the art" and some initial experimentation
and design computations to determine the feasibility of making noise
measurements in a conventional 7- x 10-foot subsonic wind tunnel with
suitable acoustic treatment. Various aeroacoustic facilities were
visited to determine their operational characteristics and to provide
baseline data for a design study. A survey of available theory was
made to determine if an adequate theoretical foundation was available
for design computations. It was concluded that supplementary experi-
mental data was required. Such data were obtained in a 4- x 5-foot
wind tunnel c¢f plywood construction which is convertible from a closed
jet section to an open jet with anechoic chamber configuration. This

tunnel is presently in the development stage and thus complete



operational characteristics are not available.. However, this
configuration allowed determination of the effect of changes in test
section configuration on reverberation and background noise in
-addition, temporary treatment at the tunnel elbows allowed-the
collection of data on the effects of treatment in these areas on
reverberation characteristics. This work was supplemented by a
review of experimental methods and correlation techniques which may
aid in overcoming the acoustic disadvantages of a wind tunnel.
Emphasis was placed on dovetailing the findings of this study with

the current USAAMRDL rotor noise effort.



I7. PRESENT STATUS OF EXPERIMENTAL AEROACOUSTIC RESEARCH

Aeroacoustic Facilities Visited During this Study

Five different aeroacoustic facilities have been visited and
evaluated. The variation in facility design objectives provide a
broad cross section of currant thought in acoustic testing, ranging
from a multi-million dollar anecheic wind tunnel designed for some
particular types of ezperiments to the modification of an existing wind
tunnel for rotor noise studies. Some of the pertinent details and operating
characteristics are summarized in Table II. A detailed description of
various facilities is given below:

NSBRDC Anechoic Wind Tunnel. - To date, the NSRDC wind tunnel represents

the most elaborate attempt to develop a facility for flow noise experi-
mentation. A plan view of this wind tunnel is shewn in Figure 1. The
unique features are provisions for both a partially treated closed jet
and open jet test section and special mufflers at the inlet and outlet of
the fan., Both test sections are eight feet square. The open jet test
section is enclosed by an anechoic chamber which is provided with two
foct deep wedges designed to provide good sound absorption down to 150 Hz.
A\maximum design speed in the test section'of 200 fps has been exceeded
‘because the aerodynamic efficiency of the tunnel is better than expected.
The tunnel is fabricated ouvt of concrete to eliminate vibrational
problems associated with steel panels. Its foundation is isclated from
the bedrock to eliminate structure borne noise frcm other wind tunnels,
etc., which are located at NSRDC. Acoustic isolation joints are provided
throughout the tunnel. In addition to the anechoic chamber and mufflers,

acoustic treatment is used on the walls in selected areas and the convex



sides of the turning vanes are treated with acoustic dampening material
to prevent "singing'. Special consideration was made in the fan design
to optimize diameter, rotational speed and blade strut configuration
for minimal noise output. Other than the special features incorporated
for noise studies, the tunnel circuit is of fairly étandard design as
shown in Figure 1.

The cross-section is generally recitangular with coiner fillets.
These have been provided to remove undesirable secondary flows which are
present in the corners of square cross-section channels.

One problem that the authors have determined will occur in this
facility is due to the constraints put on measurement locations by the
relatively small size of the anechoic chamber znd length of the open
4et. This chamber is only 2.8 x 2.8 x 2.3, wavelengths at 150 Hz,

Noise measurements -are constrained by staying at least -one wavelength
away from the source and one-quarter wavelength away from the wadges of
the anechoic chamber‘ To prevent scattering effects, measurement
positions should be selected that avoid the regions adjacent fo the
collector and the nozzle. The distance between the cc¢llector and the
nozzle set an upper limit on the maximum included angle for measurement
of directivity patterns. In the NSRDC tunnel 72° out of a possible 180°
can be measured. The anechoic chamber is designed for absorption down
to 150 Hz. At this frequency additional constraints of being 1/4 wave-
Jengths away from treatsd surfaces results in even further limitations
on the directivity measurements. If a source of finite size is used
there is no position in the anechoic chamber where accurate measurements
can be made at 150 Hz. In fact, assuming a reasonable size model,

accurate data probably cannot be collected below 350 Hz to 400 iz

without violating one or more of the usual constraints. Therefore, low



frequency measurements are limited by the geometry of the test section
rather thaﬁ the acoustic treatment. In this case a wedge designed for
a higher cut-off frequency would have allowed greater utilization of
the given space.

A similar problem can possibly occur in the closed test section of
this facility which is untreated., There is, however, five feet of acoustic
treatment at the nozzle of the open test section. This. treatment is
provided to attenuate the noise that is entering the open test section.
The remainder of the closed test section upstream of the opén jet
nozzle is faﬁricated out of concrete; The fact that the walls are
untreated severely limits the frequency over which measurements can
be made. The cited constraints are typical limits to lcw frequency
..noise measurements in all the .tunnels studied. However, they are
~discussed here because these problems will be critical in the NSRDC
tunnel because of the relatively small size of the anechoic chamber.
The incorpcration of a closed test section probably limited to some
extent the size of the anechoic chamber. Whether this resulted in a
balanced design is questionable,

Careful attention was given to the design cf the mufflers from
bcth an aerodynamic and acoustic point of view. The mufflers consist
of two sinuous baffles in the middle of the muffler and one along
each concrete wall. The baffles have perforated.zinc—coated steel
sheet facing with 20 percent open area that is backed ;ith acoustic
absortive material. These were designed for the attenuation of fan
noise, particularly in the low frequency range. The profile of the
muffler walis was selected to minimize wake and turbulence generation

which could compromise the quélity of flow in the test section.



A 1/8 scale wind tunnel model was used to verify the aerodvnamic
design., The most sifnificant probiem area which showed up in the model
tests was a bad flow separation at the collector cowl in the open jet
test section. A redesign of the cowl cured this problem. The collector
was redesigned to reduce the size of the secondary vortex so that
interactions between it and the nozzle were greatly reduced.

Overall, the WSRDC w/ind ‘tuntiel Ts fairly well designed and
incorporates latest design philoszophy. However, there is some evidence
of cost constraints which compromised the usefulness of the facility
In particular, the anechoic test section is relatively small. Its
geometric constraints do not allow accurate measurements at the cut-
off frequency. There is also some evidence that the cross sectional
area in the muffler regiecn is relatively small creating higher than
~desirable flow velocities Inthis region“and the possibility of~flow

neise.



United Aircraft Research Laboratories Acoustic Wind Tunnel. - This

facility, although not as elaborate as the NSRDC tunnel, is also
designed specifically for aerodynamic noise studies. As shown in
Figure 2, it has an open jet test section located within a 16 ft. high
by 18 ft. x 22 ft. anechoié chamber, lined with 12 inch acoustic wedges,
capable of sustaining differential pressures up to one-third of an
atmosphere. The geometry and area of the tgst séction can be adapted to
a variety of requirements by use of alternate final nozzle countraction
sections and jet collector pieces. Operating with an open jet length
of 4.5 ft. and a test section area of 5 sq. ft., the tunnel is capable
of a maximum test section velocity of 650 ft/sec (Mach number 0.61).
This condition produces a maximum Reynolds number of spproximately 4.0 x
,106 rer foot. The maximum test area is 10 sq. ft. with a corresponding
maximum testing velocitv of 300 ft/sec.

A large leow-velocity inlet of square cross section has been provided.
A honeycomb section is located immediately downstream of the bellmouth of
this inlet to sﬁppress large eddies. Honeycomb cell size is cne-eighth
inch, giving an effective length to diameter ratio of 144 in each cell.
Up to seven removable turbulence screens can be inserted in the flow
path downstream of the honeycomb, with minimum turbulence achieved by use
of screens having a pressure drop coefficient of 1.6 q. After contraction
through an area ratic of 16:1, winimum turbulence levels of 0.05% can be
.achieved in the test section. Higher turbulence levels, for tests requiring
controlled turbulence levels, are achieved by the installation of turbulence
rods in the airstream.

The anechoic chamber housing the tunnel test section permits measure-

ments in the far field of sound generated in the test section. All surfaces
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of this chamber are lined with commercial acoustic fiberglass wedges
having a large normal absorption ccefficient for medium and high-frequency
incident sound (o = .99). The low frequency free-~field cutoff condition,
determined by wedge geometry, is set at 250 Hz for this chamber. The
wedges were formed by fiberglass blankets of varying length.

The air supply system consists of a 1500 hp induction motor driving

-3 -eingle ~gtage, backward curved vane, centrifugal fan. The fan speed is
1800 rpm with flow rate controlled by variable vanes located in the fan
exit. Léw ambient noise levels in the anechoic chamber are'achieved by
use of a muffling section between the fan and the diffuser. The muffling
section consists of two acoustically lined corners located betweeﬁ two
additional parallel baffle sections. Resulting fan attenuation varies
from a minimum of 30 db (low frequency) to a maximum of 60 db over the
frequency.range of 25 to 10,000 Hz., A three-stage d#ffuser is lecated
upstream from the muffling section. Diffusion through a t&tal area ratio
of 5.6 is achieved by the use of a cylindrical settling section betwzen
two conical diffusing stages.

Provision has been made for supporting a variety of models within the
airstream. When isolated airféils or cascades are to be tested, a test
secticn with two hard closed wails (to support the medel) and two open

, ¢ .
sides (to allcw the ncise tc radiate out) is provided. TPower is available
for driving propeller and compressor models immersed in the airstrean.
An inst%umeﬂtation and control room, adjacent to the anechoic chamber,
houses required recording and analysis equipment.

One operational problem did crop up in the initial use of this
facility which is of interest. A strong edge tone was encountered
whose magnitude is a function of the distance between the nozzle and the

collector cowl. The strong dependence on this leugth parameter is easily
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understood, if one considers the feedback mechanism involved with a
disturbance originally generated at the nozzle lip being convected
downstream in time to impinge on the collector cowl and generate a

new disturbance which propagates back in phase with another disturbance
being generated at the nozzle. Obviously the phasing of this feedback
loop can be adjusted by changing the length at a constant velocity. A
"fix" in the case was found through ;he use of serratians at the nozzie
lip very similar to the leading edge devices being tried for the reduction
of rotor noise. The exact naturé of the problem is depicted in a recent
paper by Patterson, et al. (1)*. Figure 3 is reproduced from this paper
and illustrates the tab arrangement investigated. Also plotted in this
figure is the effect of the tabs on the background‘noise spectrum,
Without the tabs the inter-collector resonance can be seen in thHe
frequency range from 30 Hz to 10060 Hz. With 20 tabs around the meznzle
1ip this effect is considerably reduced. However, above 3000 Hz these
tabs generate noise and increase the overall background ncise by approxi-

" for the inter-collector resonance

mately 3 dB. Another type of "fix
problem could be an arrangement for varying the open jet test section
length. Plotted in Figure 4, reproduced from Patterson, et al. (1), is
the effect of test section length on tunnel background spectra. It is
seen here that the background noise decreases with decreasing test section

length, which improves the signal to noise ratio. However, a minimum

test section length exists for a given experimant below which interference

* Numbers in parentheses refer to reference numbers.



with directivity patterns occurs. This effect precludes the use of
varying test section length to reduce inter-collector resonance.

Another problem typical of an open jet test section is the defleﬁtion
of the jet by a lifting system model. This deflection will cause higher
velocity portions of the shear layer to impinge on the collector. This
will be an impcrtant noise source as shown by Patterson, et al. (1) in
‘Tigure 5. For a four degrés deflection, which is a moderate deflection
when considering testing of V/STOL lifting systems, a 10 dB increase
in background is observed. It was concluded that the effect is minimized
by using a large area jet collector.v However Heyson (2) suggests deflections
of up to 30° are possible with mcdel helicopter rotors. This large a
deflection could not be minimized even with a reasonably large area
collector and is considered, by the authors, an inherent problem asscciated

‘with open jet tes

™

- sections. Adother.problem associated with the jet

P

deflection is the fact that there will be a recirculaticn in the test
section that could be ingested through the model rotor causing the model
noise to increase considerably. This would create an inaccurate
prediction of full-scale rotor noise,

A further problem incurred with an open jet is shear layer refraction.
The findings at UARL indicate that shear layer refraction effects are
impertant in interpreting open jet acoustic data. Work is being dgne at
UARL on an analytical method to provide corrections to the measured data.
Since the refraction is a function of the type and orientation of the
source, a correction for most practical experimental sources will be
difficult. More will be said about this problem in the following section.

A disadvantage of the open return configuration of the UARL wind

tunnel is that outside background noise could cause problems. Background
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noise of the surrounding area, such as trucks and aircraft, has a direct
airborne path to the test section, since it is open to the atmosphere.
This type of background noise is intermittent and uncontrollable. The
study at UARL reports that the atmospheric conditions have a negligible
or correctable effect on the aerodynamic properties of the tunnel, but
no consideration is given to the background noise from scurces other
than the wind tunnel.

MIT Acoustics and Vibration Laboratory Anechoic Wind Tunnel. -~ This

facility is rather moderate in both size and cost when compared with the
two previously cited tunnels. Howevér, it does represent a benchmark in
experimental noise research since it appears to be the first wind‘tunnel
designed specifically for this application in this country. An elevation
view of the wind tumiel is shown in Figure 6. In a manner similar to the
‘UARI, tunnel, an-cwven circuit design is used. Flow enters a 67 dinch cauare
settling chamber having & honeycomb fabricated from soda straws and
several sets of screens. Tne honeycomb serves as a flow straightener and
as a muffler. A nozzle of 20:1 contraction ratio is used to provide a

15 inch x 15 inch jet of low turbulence air in ghe test segtion which is
maintained at below atmospheric pressure. Provision is made for both,
open or closed jet operation. 1In the open jet configuration the flow

is collected by a cowl and is diffused in a combination muffler-diffuser
wherein it gntars the inlet section of a 20 hp.blower. The muffler is a
cruciform wedge placed in the circular diffuser duct. This blower and
associated drive motor is mounted on a concrete block which is isolated
from the building foundation. A turbulence level of less than 0.17

is achieved in the jet. The test section is enclosed by a concrete

biock room which serves as either sn anechoic chamber or reverberant room.



This convertible arrangement is achieved by simply removing the acoustic
treatment from the hard walis.

The diffuser-muffler in this wind tunnel was designed to attenuate
blower noise before it reaches the test section. The overall interior
dimensions and flow resistance of the fiberglass lining are set to
produce quarter wavelength effects over the range of the blade passing
frequency, 150 Hz to 300 Hz. The transmission loss of the muffler and
diffuser, as reported by Hanson (3), is shown in Figure 7. The maximum
transmission loss occurs at 320 Hz, this corresponds to an attenuation of
nearly 4 d&B per foot of duct. This ﬁuffler has good attenuation
characteristics through moderately high frequencies. However, high
frequency noise could still be heard in the test section. This was
eliminated when the downstream honevcomb was installed. This effect
was attributed to- the-hich freaquancy attenuation characteristica-af tha
soda straws.

A problem that came up in the packground studizs of this tunnel was
an unacceptable high background noise level with the reverberant chamber
in the frequency range from 200 Hz to 1000 Hz. This was attributed to
excited wall panels (600 Hz) and the excitation of the first cross
resonant mode c¢f the duct (560 Hz). This problem was alleviated by
sand lcading the involved wall panels. This approach increases mass
and damping without changing the stiffness. The background noise
levels in the reverhberant chamber with the closed test section are
plotted in Figure 8, from Hanson (3). The dashed curve is the background
noise levels with the original ducts. The solid curves are backgrouad

noise levels measured after the walls had been sand loaded.
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This facility also encountered a collector resonance similar to
that in the UARL wind tunnel. 1In this case, the resonance was
eliminated by changing the shape of the collector.

The open return configuration of this facility, like the UARL
tunnel, allows a direct airborne path for extraneous background noise.
Although this wind tunnel is entirely indoors, background noise from
other laboratory '2quipment may cause problems. Depending on the type
of equipment, this background noise can be controlled by conducting
experiments when it is not operating.

The objections to an open jet test section have been discussed
previously. The other mode of operation for this tunnel is a closéd,
hardwall, test section. This configuration is suitable only fox
measurement o0f radiated sound power.

‘The convertible feature of anechoic/reverberant chamber in this wind
tunnel allows more flexibility in noise mesasurements than in a tunnel
with an znechoic chamber only., Scund powey measurements can be carrvied
out in the reverberant mode, while directivity patterns can be measured
in the anechoic chamber,

MIT Department of Aeronautics and Astronautics Wind Tunnel. - This

facility is of interest to this study because it represents a modification
of an existing wind tunnel. A lct of valuable information is connected
with the reconstruction of this facility since a step by step evaluation
of various types of acoustic treatment is available.

The wind tunnel is depicted schematically in Figure 9. It is of
wood construction and originally a closed jet, closed return design.

A section of the test section has been removed to allow for a 4 1/2 x
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7 1/2-foot octagonal free jet, The flow is collected by, a porous cowl
which has worked out quite well. Acoustic treatment in the form of
fiberglass wedges has been placed at the two vertical walls at each end
of the wind tunnel. This treatment has been very effective in reducing
fan noise. The turning vanes have also been acoustically treated,
apparently with little or no reduction in the aerodynamic:efficiency.
This treatment was a fiberglass blanket on the pressure surface of "the
turning vane.

An anechoic chamber is provided which is rather unique since its
interior surface consists of a poroué metal backed with acoustic treat-
ment., The original intent was to add acoustic wedges to the walls to
athieve a more or less standard acoustic treatment. However, the porous
72ll served to both provide adequate attenuation of sound to the exterior
surroundings and to provide adequate absorption above 600 Hz. Thus no
additional acoustic treatment Has been provided at this time.

The effect of these acoustic treatments on background noise, reported
by Bauer and Widnall (4) is shown in Figure 10. The original background
spectrum is plotted along with background spectra with the various treat-
ments in place. After the wedges were installed the background noise
increased in the low frequency band and decreased at higher frequencies.
When the hard test section walls were removed the background noise was
reduced since the acoustic energy is no longer confined to the test
saction. A further reduction was cbtained when the turning vane treatment
was installed. When the microphone was moved out of the open jet, the
background noise was again reduced. In this case the microphone self noise
has been eliminated by moving the microphone out c¢f the flow. The lowest

background level was obtained aiter the anechoic chamber was in place.
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This spectrum is nearly flat above 1000 Hz. Care must be taken in
interpreting quantative effects of the treatments due to these background
levels, since the test section velocity and microphone position vary

in each case.

A further indication of the effects of acoustic treatment is the
transmission loss between the return section and the test section. This
is shown in Tigure 11, ‘token frow Bauer &nd Widnall (4). The test
procedure is also sketched in the same figure. The transmission loss is
the difference in sound pressure level between point A (return section)
and point B (test section). In thié case the transmission loss is along
a number of paths. there are two airborne paths and the structural path.
Because of the complex internal geometry of the tunnel, these
transmission losses only give a qualitative idea of the effect of the
modifications.

One objection that can be raised concerning the acoustic treatment
of this tunnel is the use of acoustic wedges in the flow. The acoustic
wedges have a maximum depth of 18 inches. These are placed in the tunnel
in locations where the cross section dimensicns are 8 feet. This blockage
causes a drop in maximum test section velocity from 140 feet per second,
before the wedges are installed, to 120 feet per second after installation,
Bauer and Widnall (4) suggest the wedge is chosen to attenuate acoustic
energy above 250 Hz. A 2 to &4 inch thick fiberglass blanket having a
sound abscrption coefficient of approximately (.9 at 250 Hz would
attenuate this acoustic energy without the blockage penalty.

BB & N Anechoic Wind Tunnel. - Another rather modest anechoic wind

tunnel is available in the Cambridge laboratory of Bolt, Beranek and



Newman. The facility is illustrated in Figure 12. This tunnel operates

in the suction mode (i.e., the pressure in the test section is less than

atmospheric). Air enters the room through a 15:1 contraction ratie nozzle

at speeds varying from 20 to 120 fps. Two nozzles are available; a 16
inch square cross section or an 18 inch diameter round cross section.

The chamber is of plywood construction and is generally operated in a
semi-reverberant .mode. Cotton batting is sometimes used for sound
absorption. Because of the rather flimsy construction the acoustic
characteristics of this facility are questionable. No data are availzble

to the authors which would allow quantitative evaluation.

The University of Maryland 7- x 10-Foot Wind Tunnel. - This facility

was not visited during this study but is cf interest because it is a
couventional closed return, low speed wind tunnel which is used for
propeiies uolse stddies. & Ginlmal ansuat ci ¢
treatment is provided in the test section in the form of standard

acoustic tile. According to a private communication with personnel

at the Naval Ship Research and Development Center, successful noise

studies have been achieved in the frequency range above 500 Hz.

Fanerimental Investigation of the Acoustical Properties of Wind Tunnels

In addition to the specially designed facilities mentioned in the
previous section, several detailed investigations have been initiated
to determiné the azcoustic properties of other available facilities.
The large scale, 40- by 80-foot wind tunnel at the NASA—Ameé Research
Center, shown in Figure 13, has received considerable attention.
Hartman and Soderman (5) and Hickey, Soderman and Kelly (6) found that

the acoustic properties were comparable te the classical semi-reverberant

PR AT g PR T e S
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room. They suggested a calibration curve for the facility. This
calibration is obtained by considering the difference between sound
pressure level at a given distance from an omni-directional source
with the sound pressure level at the same distance from the source in
the free field. These results were obtained experimentally with a
white noise source. No attempt was -made to consider tunnel respouse

_in frequency bands or with pure tones.

Cox (7 and 8) made a detailed analysis of the background noise
in this facility. He concluded that a rotor noise investigation would
be possible. A full scale rotor, with standard and tapered tip blades,
was utilized in a research program on rotor noise radiation at high
tip Mach number. The reverberation correction of Hartman and Soderman
was applied to the data obtained which then agreed with flyover data
to within 2 2%, Avndt and Dovgaan {5 willised Uligoe data Lo cuiiiim
a2 theoretical analysis of noise radistion due to drag divergence and
thickness effects at high advance ratio and tip Mach number.

The work of Hartman and Soderman was extended by Bies (10).
The approach taken was to develop and test data acquisition and data
reduction procedures which would be compatible with‘the goals of a
given test program, No attempt was made to modify the tunnel for
reduction of Background noise. The sources that could be studied
were restricted te those that were sufficiently above the background
levels measured. This study developed a procedure for obtaining
forward and backward radiated sound power levels and total radiated
sound power measuremants from upstream and downstream sound pressure
level measurements. By considering portions of the tunnel upstream

and downstream as reverberant volumes and measuring sound pressure
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levels in these regions, data reduction techniques were devised to
“give radiated scund power. The tunnel was calibrated with an omni-
directional.souree to develop these data reduction techniques. This
procedure would give answers to whether most of the noise radiation
propagated forward or aft of the flight vehicle. Radiated power
measurements with Calibratéd sources proved to be rzascnably accurate.
A porous pipe microphone was developed during the study which proved
to have better performance in a flow than the standard Bruel and
Kjaer 1/2-inch nose cone wind screen when oriented in the direction of
the flow. The general results of the sound propagation study in the
Ames 40~ by 80-foot wind tunnel appear to be applicable to any large
closed test section, air return wind tunnel.
Further work along these lines of Hartman and Soderwman and Bies

1

were described by ‘Arndt and Boxwell (11) in an unpublighed report.

[@)

Their work was concerned with the acoustic characterispics of the
USA AMRDL 7- x 10-foot wind tunnel. Of particular interest was the
determination of reverberant response in frequency bands. This work
indicated that the reverberation was strongly dependent on frequency
and a reverberation correction based on overall response to a white
noise signal would be totally inadequate. Since this work is of
‘direct interest to this study, it is reviewed in detail in the experi-
mental section of this report.

An acoustical evaluation of the NASA Langley 30- x 60-fcot wind
tunnel was made by Vér, Malme and Meyer (12). The approach here is
again tc find experimental procedures and data reduction techniques
to make acoustical measurements. No attempt is made to reduce the

anbient noise of the tunnel. The background noise present is con-
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sidered one of the limitations of the tunnel to sourcés thdt can be
tested in the tunnel. The authors suggeéted that for a direct sound
measurement with an accuracy of 1 dB the signal to noise ratio should
exceed 6 dB and the measurement distance should not exceed half the

hall radius. The hall radius is defined as the distance where the

sound pressuvre of the direct field eguals the space average sound
pressure of the reverberant field. The investigation of this facildity
included a study of hackground noise, wind tunnel response and the decay
characteristics. A limitation, in determining sound power output, was
use of only an omni-directional source, since the test secticn was found
not to be diffuse. A generally wvalid relation between the space
averaged sound pressure level in the test section and the sound power
output of an unknewn scurce could not be found., The study in this facility
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wind tunnel and the Penn State's Aevospace Engineering Department wind
tunnel, The Laungley study indicated that a quantitative evaluation of
the effectiveness of a sound absorbing wall treatment in a small-scale
model was needed. By gradually adding sound absorbing treatment to
various hard interior surfaces the optimal location and the minimum
amount of sound absorbing material required to yield a desired result
can be determined.

Two reports by Schultz (i3 and 14), describe an acoustic study of
the German Laberatory for Air and Space Travel (DVL) Subsonic Wind
Tunnei. This wind tunnel is similar to the Acrospace Department tunnel,
except the fan is located just upstream from the first corner beyond the

test section. The approach taken in this program was to first evaluate



the acoustic properties and limitations to noise studies of the. DVL.

wind tunnel, then apply modifications to the tunnel to reduce these
limitations, i.e., sound absorbing material to reduce ambient noise

and finally to test the performance and acoustical properties of the

wvind tunnel after modifications. This was carried out in two parts.

The first part,of‘the study was the preliminary evaluation and suggasted
modifications. The second part of the study evaluated the effects of the
modifications on the wind tunnel properties and included initial

noise measurements in the DVL wind tunnel. The modifications proposed

in this study were concerned primarily with background noise from the
fan. It was originally suggested that an open jet be employed. The
reason for this was that the fan noise would spread in spherical waves
from the nozzle and collecting cones and decay rapidly, thus causing a
lower sound pressure level in the test section than if a closed jet
configuration was used. .However, in later studies it became evident that
jet noise wag a problem, after fan ncise had been eliminated through
treatment. It was finally suggested that a porous or slotted closed jet
section with the walls adjoining deep, sound damped spaces might give the
best results. Other suggestions proposad were to apply sound damping
material at the bends upstream and downstream from the fan and also to
the walls between these bends. For the walls of the collecting cone,
sound dampening pilates were suggested. 1t was also recommended that a
narrow, central scund dampener be placed lengthwise to the flow in the
diffuser. This study concluded by suggesting the need for a microphone
that, at speeds up to 180 feet per secend, would not have a serious

self-noise problem.



IT1T. BACKGROUND INFORMATION

Overall Accustic Response

Making acoustic measurements in a wind tunnel requires design and
modification guidelines and data correction procedures. Before these
guidelines and procedures are formalized it would be helpful to
theoretically predict the acoustic response of the wind tunnel. Know-
ing the way in which a particular tunnel responds to noise in various
frequency bands determines what happens to the scurce noise signature
with regard to directivity and spectral content., However, a complete
analytical description of the acoustic response of a wind tunnel does
not exist. However, it may be possible to consider the tunnel in
several ccmponent parts which are idealized to match known acoustip
properties. The interrelation of these component parts may then be
Gelerwined througn a statistical energy anproach as suggested by
Smith and Lyon (15). This technique is probably limited, however,
to acoustic power. By considering the energy densities and volumes,
Vi’ of the components and by determining the coupling coefficients,
the power balance equations can be written. These egquations say
that the power introduced into volume Vi equals the power dissipated
.in the‘remaining volumes Vj plus the power transmitted from volume
Vi to volumes Vj’ plus the power from volume Vi discipated in the
coinecting ducts, minus the power transmitted from the volumes
Vj to V;. Thus a knowledge of the response of each component is
required. A knowledge ofthe power flow between the components and
the response cof each component allows the determination of the response

of the tunnel.



As an indication of what the idealized acoustic résponse of
various components might be, the nozzle may be considered as a special
class of hom. The wave equation for a plane wave travelling through

a variable cross section duct is given by

2 2,
37d 2 379 1 3A 29,
2 % [ij A B o 1)
where
B}
P =P (2)

and 9 is the velocity potential. In the general case of a nozzle,
equation (1) would have to be evaluated numerically. A classic
solution to equation (i) exists for an exponential horn, where the

area variation is given by

This results in the followng equation
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The solution to equation (4) is of the form
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In this particular case, the speed of propagation is given by

W %o
at = E‘- — 9
1 - w?/ag?

The acoustic pressure is obtained from equation (5) through the

relation
.o, B |
D= p at (10)

When the wave number [ is equal to m/2 we have a situation where
the propagation speed is infinite and no propagation takes piace.
This corresponds to a cut-off frequency of

mao
f o=
c 4t

1)
below which acoustic radiation is nil.

Another important component is the tunnel test section. It is
desirable to mathematically modei the test section in order to
assess the value of wvarious acousti¢ treatments. The following is a
theoretical analfsis, developed by Mangiarotty, Marsh and Feder (16 ),
to predict thé attenuvation of sound in ducts with varying cross
sections. This method also develops a duct lining optimization on
the basis of maximum reduction depending on the shape of the input
spectrum,

Assuming the sound pressure in the duct is low enough, the linear

wave equation is valid,

2 2
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Separating variables and assuming harmonic waves traveling in the

positive z-direction along the duct,

p (x,y,z) = X(x) Y(y) Z(z) T(t)

where,
X(x) = C cos k x+ S sin k x
P X X X
Y(y) =C_ cos k y -+ S sin k 3
Y y 7y y 7
Z(z) = exp (—ikZ Z)
T{t) = exp (iwt)
. 2 2 2 .
where, k= = kx + ky + kz , k is the complex wave number of a wave
propagating in free air. From a superposition of these solutions,

a general solution is,

fes]
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The constants a, are chosen to accurately describe a particular sound
pressure distribution at the sound source end of the duct.
Now writing the derivatives of the wave equation in terms of the

separated functions,
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'his leads to,
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This can be further broken. down into a number of ordinary differential
equations by means .of separation constraints.
A solution that represents a wave propagating in the axial
direction, restricted to one frequency component is,
Z(z) = exp (—ikzz)
where kZ is the axial wave number

‘The boundary conditions ars
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X = a, sin k a mn/a (m=0,1,2,2,...)
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y = b, sin kvb n7T/b (n ,1,2,3,...)

Each solution represents a mode of propagation in a duct with width

a and height b. To solve é particular problem, a combination of modes
of modal order numbers m and n must be taken with different phase and
;mplitude and matched to the sound pressure distribution at the source
end of the duct. By introducing the boundary conditicns of acoustic
admittances‘L(O,a) and L{0,b) of linings in a duct of dimensionsg a

and b, the -sound attenuation of a broadband-resistive-resonator

lining can be calculated. Letting kZ = o + if, then,

Z(z) = exp (-iaz) exp (Bz)
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This is the attenuation of sound pressure per unit length of duct in

the axial direction. In decibels, the attenuation between zq and Z, is,

'p(zl)
D (z2 - Zl) = 20 log ,5?;;31 = - 8,68 B (z2 - ?l)
then,
D=28.588

is the attenuation per unit length.
The wave number kz, and also the phase ccnstant B is obtained through

the wave number relation,

k =+ (k2 -k 2 _ k 2)1/2
X vy

2

To obtain the attenuation in the duct under the infiuence of
Tlow, ithe eilecis ol tulbuleuce, boundary layers aud other aerodynamic
effects can be taken into account by experimentally deriving the
lining characteristics under actual flow conditions. Eversman (17)
describes an analytical model simdlar to this, but this analysis

begins with the non-linear wave equation, i.e., convective term

included, and derives the effect of Mach Number on the attenuation,

fl

;’v|N:¢

k
p 2 2
— Crux - a-wh) (HHYEY
1-M ®
wvhere M is the Mach Number of the flow in the duct.
Follewing the mathematical model described above, a design procedure

has been devised by Beranek (18) for the design of acoustic treatment

for a duct. This procedure is applicable to the plane wave mode of
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sound propagation neglecting end reflections for either a homogeneous
absorber or a resistive resonator tyvpe treatment. If the duct height,
h, the duct length, L, and the design frequency, fo’ of which maximum
attenuation is ‘desired are specified, then the treatment depth, d,
porous layer thickness, t, honeycomb size, §, normalized flow resistance
Rf/pao, impedance, Z/pao, flow resistivity, R, and the theoretical
attenuation, Dh’ for a length of duct egual to the height, h, or total
attenuation, Dh x L/h, can be predicted. TFigures l4 and15 contain the
calcu;ation results for the AMRDL 7- x 10-foot wind tunnel. The
treatment for the floor and ceiling.have been designed for maximum
attenuation at 400 Hz and the treatment on the walls has been designed
for maximum attenuation at 250 Hz. The design parameters for this
treatment are shown in Figure 14 and the theoretical attenuation for each
treatment and the total attenuation is shown in Figure 15. The attenua-
tion assumes a tréatment length equal to thé duct height, h. This
analysis incorporated the concept cf one treatment on the floor and
ceiling and a different treatment on the walls. The attenuation

curves shown in Figurel5 cover a rather narrow band width while the
range of frequencies that require attenuation in a typical test is
rather wide. The attenuation predicted is very high. Results from

the Aerospace wind tunnel indicate that the predicted results may be
overly optimistic. This is due to the fact that other modes in
addition to plane waves play a major role. The assumption of end
reflections is also invalid. End reflections will be important as

long as treatment is not prowvided to attenuate these reflections.
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In addition, experiments indicate that sound waves, which are not
reflected, can propagate around the tunnel circuit back to the test
section. End treatment alleviated this problem, Further details of
this design procedure are given in Appendix B.

Backeround Noise and Turbulence Problems

Turbulence induce2d noise can occur dlong the flow passages and
arcund the turning vanes of a wind tunnel. Along ficw passages noise
can be generated by turbulence a number of different ways. When the
boundary layer along the wind tunmel walls is turbulent the wall
panels can be excited. The fluctuaﬁions within the turbulent boundary
layer, which would be broadband in nature, can cause the panels to
generate sound at the resonance frequency of the structure. The
turbulence in the boundary layer can itself generate noise. When the

turbulent laver ie avhdocradata sn ndverce prescura gradicnt, sopnra-
tion will occur, causing large turbulent regions. The eddies in

these turbulent regions will aiso generate noise in the same manner

as the eddies formed in en open jet. These generating mechanisms

can also occur at the turning vanes, where turbulent boundary layers

and separationmay also occur. In addition there is the possibility

of edge tones occurring and causing the turning vanes to ‘'sing."
Considering the possibility of turbulent effects in designing a tunnel,
care should be taken to eliminate boundary layer separation. Additional

structural integrity will raise resonance frequencies and eliminate

panel exicted noise.



At first glance the use of an open jet, anechoic test section appears
to be the best method for obtaining acoustic measurements. However, there
are certain problems with this configuration which should not be overlocked.
One.factor is the additional background noise inherent with the natural
mixing process of the jet. In addition an edge tone type of feedback
mechanism can exist between disturbances at the nozzle lip and disturbances
introduced at the collector cowl. Under certain conditions a strong edge !
tone can result. This problem can generally be corrected by changes in
cowl design and varying the relative length of the jet. It should
also be recognized that the open jef will induce secondary currents in
"stagnant' portions of the anechoic chamber where microphcnes are placed

for the collection of acoustic data. If care is not taken, the induced

secondary currents will result in additional microphone self-noise.

R
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refraction of the source signal as it passes through the mixing zone of
the jet. This refraction effect will result in a distorted directivity
pattern. For example an omnidirectional noise source placed within a
jet can appear highly directional.

As an example of how strong this refraction effect can be,
exparimental data were gathered from the literature and cross plotted
to show this effect in Figure 16. An omni-directional source placed
along the axis of a jet has its directivity pattern shifted by
refraction to resemble a "heart-shape". The largest refraction
effect is in the 0° position, i.c., on the jet axis. At this position
a large dip occurs. This is called the refraction trough. Figure 17
reproduced from Atvars et al. (19), shows these refraction troughs for
various Mach numbers. Figure 16 shows the sound pressure level reductien

in the refraction trough pletted against jet Mach number. A linear increase



32.

in SPL reduction above a jet Mach number of 0.1 is found for each frequency.
The data plotted here were obtained in a 3/4 inch jet, therefore, the
frequency and non-dimensional frequency parameter, fd/ao, are shown. For

a typical rotor noise experiment in the Aerospace wind tunnel or the AMRDL
tunnel, the frequency parameter will be approximately equal to 1.0, i.e.,
the wave length of emitted sound is approximately equal to a typical test
section dimension. This should correspond to a large refraction effect that
nust be considered in a typical experiment.

The above example is for a point source alone. Refraction is a function
of the type of scurce. A refraction correction for a simple source woﬁld not
be valid for avdipole or quadrupole source. Also the refraction by an open
jet is dependent on the orientation of the dipole or quadrupole axes. Since
wmodel sources in the test section would be a superposition of various
elﬂmentary sources any refraction correction would be a function of the model.
The cdata in Figure 106 would be valid only for a monoéole source in aniopen
jet. However, this curve does show that refraction can be an important effect.

Another way in which a jet can distort the source signal is by
scattering of sound by the ‘turbulence in the open jzt. The scatiering
can iﬁfluence the directivity pattern of the source signal. Scattering

has an attenuation effect on the incident sound.

Correction Procedure

Unless. an ideal wind tunnel exists after it has been built or
mocdified to accommodate noise measurements, a great deal of experi-
mental and theoretical work remains in order to calibrate the
facility. The result of such a calibration would be a number of
corrections to be made to the data. These corrections would be
necessary for a number of reasons. In an open jet test section there

will be refraction and scattering due to the mean velocity gradient



33.

and turbulence in the shear layer. Additional background noise is
generated by an open jet which may interfere with measurements of
rotor vortex noise.

A further correction will be required for reverberation. This
type of correction will be needed in anything less than an anechoic
wind tunnel, which includes most of the wind tuanels built to date.

A reverberation correcticn would not only be a function of frequency,
~but it would also be a function of the model being used. An early
attempt at such a correction preocedure is shown in Figure 18; This
correction was developed for the NASA Ames 40-x 80-foot wind tunnel.

and is based on the semi-reverberant equation

. 1 4
SPL = FWL + 10 log (——— +‘§) - 0.5
qriy -
i v Ao thea Al At anman T Fa00 QDT dh cmtimAd avanaiives Taoasadl 24 3D
whave v i the dictance in fopt, SPL do o= ~roeoure level Zn 4B
. -4 2 . ~13
{(ref 2 x 10 dynes/cm”), PWL is the power level (ref 10 watts)

and R is the room constant in square feet. The room constant is

defined as

where S is the surface area of the "room" and @ is the absorbtion
coefficient.

The idea behind such a calibration curve is that at a given
distance, r, from the source the difference between the free field
and semi-reverberant response can be simply substracted frcm the

data. Such simple corrections have in limited cases agreed with



34.

fly-over data. However, the correction is based cn the overall response
to a broadband signal. Such a response curve masks the highly reverber-
ant response at lower frequencies as illustrated by the response curves
obtained in the AMRDL 7- x 10-foot wind tunnel. A similar reverberant
response study will be required after any tunnel modifications are
completed.

Other noise measuring techniques have been investigated. Correla-
tion techniques may prove valuable in application to wind tunnel noise
measurement and correction procedures. One correlation techrique
developed by Arai (20) can be used ﬁo measure the acoustic power of
an individual source in the presence of other sound sources. The
principle of this technique is develsped here. The acoustic power,

W, radiated from a source is
y

where I is the power per unit area, S the surface area, p the near
field sound pressure and v the normal surface velocity component.

The quanity pv is given by,

pa— —
~

— / 2 Z
PV =y P v R

Dyt =

2 1.2 ; .
wvhere)p” and Vv  are the rms values of pressure and velocity,
respectively, and R is the correlation coefficient between pressure

and velocity. The intemsity, I, can also be expressed by



35.

where ¢ is the normalized radiation resistance, po the density of air

and aO the velocity of sound in air. Ffom this it can be shown that
W=sW wo= 1 as

0 o |} o

wvhere s is the weighted mean cf 0. If the source is made up of a

number of elements, W is expressed as Wi, the power of the i-th socurce.

Comparing wi the most intense radiators can be localized and the power of

an individual source excited simultaneously can be determined. The

measuring equipment is a microphone in the near field of the source to

measure pressure and a piezoelectric accelerometer placed on the

sourcé to measure acceleration. This is recorded on a 2-channel tape

recorder to be analyzed. An integrating circuit converts acceleration to

velocity. This correlation technique for measuring vadiated power and

localizing the most intense radiators is possible in any case of noise

from vibrating surfaces, even in the presence of ambient noise, if this

is uncorrvelated. This method is .shown valid by Arai (20), except in the

lower frequency range, below 250 Hz.

Ancther correlation technigue has been developed by Cook (21) fer
sound level prediction in the confines of a room and from multiple coherent
sources. This method can be used to predict the sound level received at a
receiveyr point in a room due to a noise source situated at another point.
This prediction is based on the unit impulse response of the room at the
receiver point due to an input at the source point. It also takes into
account all the rcom confinements, i.c., walls, floors, ceilings and their

acoustic properties such as reflection, absorption and diffraction. This
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correlation technique also predicts the sound power at a receiver point
due to partially coherent noise sources at any number of points. This
does not depend on any of the source points or receiver points being

in the confines of a room.

The mathematical basis for this>ccrrelation technique will be
presented here. TFigure 19 illustrates a room with a source at point
A and a receiver at point R with wvariocus paths between the two points.
When a time varying signal originating at the source is recorded at
R, the effects of the room have changed the original signal due to
lagging arrivals of multiple reflections. If white noise is input,
the recording is the unit impulse response of the room confines for
a source at A received at R. This can be shown by referring to

Figure 20 and defining:

* convolution overater
NW (t) white noise signal
hs {(v) unit impulse responsgse of speaker system
hRA () unit impulse response of the room confines

due to a source at A and a receiver at R

r (t) signal recorded at R

taking the cross correlation of Nw(t) and r{t), C (1)
2 n,r

Cn,r (1) - an hs(T) * h (t) (12)

R,A
2 . : N . ) ) ,

wvhere o 1is the power of the signal uw(t). By passing Nw(t) into the

speaker system and recording the output in anechoic conditions, hs(t)

can be determined experimentally Convolving both sides of aquation



(12) with the inverse of hs(t), say [hs(t)]_l,

-1, 2 ‘ -1 .
[hs(t)] * Cn,r (1) = o, hs(T) ¥ [hs (t)] ~ * hRA(T)

or
S ' Lnir (1)

If any sound signal, z{(t), is input into the sound system at A, the

received signal at R is

r&)=z@)*hmﬁﬂ

In terms of correlations, which is best suited to many noise control

problems, this is

c (1) = Cz(j) * ¢ (O

where Ch is the autocerrelation of hRA(t)
To treat twe partially coherent sources a(t) and b(t) at points

A and B, received at R as r(t), the approach is again to generate the
autororrelation of r(t), Cr(T). If A is at a greater distance from
R than B is, the lag in time from A to reach R is p, disregarding the
initial common time lag, then

r(t) = a(t - p) + b(t).

It can be shown, by taking the autocorrelation of both sides that

= ‘ C N e + > T - 3
Cr(T) Ca(r) + b(T) + Cab(T + p) + cba(L o)

where Cqb(T) is the cross correlation of a(t) with b(t). The power
i .

in r(t) is given by Cr(T) at T = 0. The power due to the combined
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a(t) and b(t) is

Cr(O) Ca(O) + Cb(O) + 2 Ca (» (13)

,D

The term 2 Ca b(p) is the affect on the received power at R due to
b
partial coherence between a(t) and b(t).

As am example to the use of equation (13) some simple cases will

be illustrated, letting A and B be equidistant from R, i.e., ¢ = 0.

Example (1) If a(t) and b{t) are noncoherent and if the
powers are equal, then Ca(O) = Cb(O) and Ca,b(T) = 0,
Therefore, equation (13) becomes,
Cr(O) = Ca(O) + Cb(O)
Thus the powers of a(t) -and b(t) are added upon

D2 an
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a(t) or b(t) alone
Example (2) If a(t) and b(t) are fully cohereat and if the
powers are again equal Ca(O) = Cb(O)
then a(t) = b(t) and the correlations are equal
Ca’b(T) = C_(1) = ¢ (1).
Therefore, équation (13) becomes,
Ca(0) = 4 Ca(0)4= 4 Cb(O)
Thus the power reaching R is increased by 6 dB
Equation (13)-can be used to predict ‘the power received at R
between these extremes. It takes into account partial ccherence and

time lag due to A or B being at a greater distance from R.
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Equation (13) can be generalized to n sources, al(t), az(t) e e
an(t) at points Al, A2, o . An. This generalization is
c(m=- 2 ¢ , - pi,j)
1,] i ]

where pi . is the time lag between the signal from ai(t) and aj(t).
3

Generalized Scaling Laws

In order to achieve the goal of collecting pertinent aercacoustic
data, it is necessary to briefly review the éimilitude laws pertainingl
to this problem. Typically there wiil be several limitations on the size

~of a model rotor due to both aerodynamig and acoustic consideratiéns.
From an aerpodynamic point of view, the size of a rotor must be relatively
small compared to the wind tunnel dimensions because of wall effects. On
the other hand, compiete simulation of wviscous flow phenomena dictates
that the rotor should be as large as possible. From an acoustic point of
view there are three factors to be considered. First, we would like to
position cur microphones close to the model in order to be in the direct
field of acoustic radiation. On the other hand, our microphones must be
positioned at least one wavelength away from the source if we wish to
make far field measurements. Thirdly, the model scale shculd be selected
such that the frequency range of interest is within the capability of
existing instrumentation.

The important scaling parameters are the Mach number based on tip

speed, Mt = wRo/a the free stream Mach number Vc/ a»

oM v 8

, S S
.advance ratio, U = N =’ Reynolds number, wRoc/v, and Lock number,
. ;
t o

4
2npe RO /1.
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The Mach number criterion is probably the most important from an
acoustic point of view after satisfying the usual constraints of being
in the far field and the direct field at the same time. The Mach number
criterion is satisfied by cperating with wRo the same in mddel and prototype
and at the same advance ratio in model and prototype. Hence, the tunnel
velocity should be the same as the full scale forward velocity and- the
rotor speed should increase with a decrease in rotor size. Since the
Reynocld's number is given by wRoc/v, the equality of Reynold's number in
model and prototype cannot be achieved unless a pressurized tunnel is
used. For many noise mechanisms thié may not be a problem. Serious
consideration should be given to this problem for vortex noise measurements.

The scaling of noise can best be estimated from the simple Gutin

expression
pt= 28 s - -y 1 v ein &
n s ; MR ‘mb " e ’
2v'2 ﬁrao e e

Now the thrust and torque ave given by:

2.4
T v 0 wR
.o o

2.5
~
Q pow Ro
so that
R XR
Vo 2o 0353 0 _ .0 , o
p,' v bn a W RO . (cos & MeRe) an (bn Me sin §)

In a proper test mRO nd Me are constant, hence the rms pressure is
propertional only to Ro/r. A similar conclusion is reached for thickness

and drag divergence effects. However, Reynold's number effects should
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more strongly affect the vortex noise. There is no couwplete solution
to the problem of simultaneously satisfying Mach and Reynolds number
other than operation in a pressurized tunnel. Some research should
be directed toward the question of whether blades, on a rotor for
example, can be artificially roughened to break up a strong tone due
te a strongly coherent wake structure at certain Reynolds numbers.
This type of problem is not new, but little consideration has been

given to the added complexity of aercacoustic modelling.

The directivity of the sound is another important factor which
could be used conceivably to answer questions concerning the mechanism
of blade slap. Consider the equations fer rotational, vortex and
thickness noise as written by Arndt (22)

(Rotational)

. . " ) R‘. 17 R,. o R
v ' A T M T = (e s S o4 = il & N (t _Siz s1i 1)
Py bn poao M7 feo 6 - & ] Inb (bn = 4t sin §) i
C e
{(Overall Vortex)
' 2.3 2 R
] ry WV . - s
p Doao Mt (Rn) Vo 2 co )
o)
(Thickness)
R 1
22 o t . R R .
' a bM — = T b =M sin § -
pn poqo t o R [o (c b (nb RO T sin 0) d (Ro) (a5)

wvhere K = Q/TRO, a number of order 0.1.

For the vortex noise we only have an empirical relation for the overall
sound level. Tor convenience consider the first mode in equations (14)
and (15) and assume that the argument of Bessel function is small

enough to use the approximation:
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R [bn(r /R ) sin 817"
J (bn == M sin §) = ~
bn = Ry F 2°" bn!

For a two bladed rotor of constant thickness in the first mode the

equations may be written in the form:

(Rotational)
R
2.5 o K' 2 '
' M T o= s &+ ] si -
Py poao MR [cos & Mt ] sin” & (16)
(Vortex)
2.3 -0.2 Ro cos 6
Vo ‘ . S
p P2 M~ (Rn) Vo g
(Thickness)
- R
2.4 2 o 2
'' v 0 07 == i
Py 0.2, M g sin ¢

where factors of Ru/Ro nave been absorbed in the proportionality
[3)
constants. ‘the first term in the bracket of equation (16) represents
noise due to thrust and the second term represents inplane (‘'drag')
forces. The directionality and dependence on Mach number is different
for each source. For example, noise due to vortex intersection should
7 . .
go like cos O sin” & whereas shockwave formation should go like
L2 . . . . . . 2
sin” §. Vortex noise goes like cos 6 and thickness noise like sin” §.
Also note that the relative importance or various noise sources
depends on the Mach number. Thus, various noise sources could be

detected by varying microphone location and Mach number.



Lowson and Ollerhead (31) suggest that noise sources in h%licopter
rotors due to flapping and the 1ike are small compared to the ogher
noise generation mechanisms cited. If the dynamic résponse of the R
blades were to be modelled to simulate flapping noise from A heli-
copter the Léck number criterion would have to be considered. The
momeitt of inertia may be assumed proportional to the densgity of tlie

blade material and the blade proportions:

I~ pbtcRo3

The Lock number may be rewritten in the form:

R
L = 2w ‘9—"{9‘
Pb
or equivalently,
Lof 1
oy (6/50

where t/c is thickness ratio and ¢ is the solidity watic. Thusg, if a

- scale model blade wera used, the Lock numbzr would be the sams in model
and prototype. Obviously, some constructicn problems would be
encountered in satisfying the Lock number criterion, but this effect
should be smail.

A summary cf the various scaling parameters is given in Table III.
Model scale is dictated by several considerations as previously described.
Wind tunnel velocity is generally the same as the prototype forward
velocity. Rotor speed will vary inversely with the scale of the model.
This frequency will also scale inversely with model size.

The favorable effects of reduced scale are increased hall radius
(direct field large compayed to tunnel dimensions), ease of satisfying
far field measurement criteria, measurementé in frequency range where
background noise and reverberation effects are minimized, and minimization

of wall effects. On the negative side of the ledge, reduced size
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creates Reynolds number scaling problems, places higher harmonics in a
frequency range beyond the useful range of some instrumentation and
creates additional errors due to air absorption.

Thus model scale must be carefully-selected to maximize the

usefulness of experimental data collected.
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IV.  EXPERIMENTAL PROGRAM

Summary of Previous Exverimental Work

The pertinenf experimental work carried out to date has been
performed in two wind tunnel facilities, the USA AMRDL 7- x 10-foot
wind tunnel and the Penn State Aerospace Engineering Wind Tunnel
which will be referred to as the Aero Wind Tunnel for the rest of
the report. I; general, the experimental program consists of a back-
ground noise survey and determination of the wind tunnel response
to impulsive and steady state sound. Arndt and Boxwell (11) give the
details of the experimental work done at the AMRDL facility. Thié
work is summarized here for completeness and for comparison to the
data from the present studv. TFigure 21 is a planform view of thg
AMRDL wind tunnel.

The first phase of the experimental work at AMRDL was a free
field study of the sources to be used in the wind tunnel. Balloons
were used as an impulsive source, to determine if the site used for
free field studies approximated anechoic conditions. An omni-
directional loudspeaker was then calibrated at the test site to
determine its power output and frequency content. This study
‘provided a baseline for comparison of the acoustic response‘bf the
wind tunnel.

The wind tunnel response to impulsive sound was determined by
bursting balloons in the test section and measuring the decay in
sound level. There were nine source locations in the test section.

Four microphone leccations were used, varying from upstream to downstream



of the test section. The variables of this experiment were microphone
location, scurce location and test section flow velocities of zero and
43 knots. Figure 22 contains measured reverberation times as a function
of frequency and microphone location. It was concluded from this
portion of the study that for noise sources located in the test section,
reverberaticn, absorption, and sound level decay are strong functions

of frequency. The immediate area of the test section showed acoustical
properties of a semi-reverberant sound field. The absorption charac-
teristics of the tunnel indicated a need for acoustic treatment in the
125 Hz to 4000 Hz range. A high primary decay mode appeared in the

test section but not in the diffuser indicating the importance of.

test section acoustical treatment,

An omni-directional loudspeaker was utilized as a steady state
source positioned at three test section locations with various
microphone locations. From this portion of the experimental program
comparisons were made with free field conditions in terms of directivity,
decay and correlation. Figure23 is a typical directivity pattern that
was obtained. Note that the directivity becomes more diffuse at the
90° and 270° positions corresponding to the points closest to the tunnel
walls. Figure 24 shows a comparison hetween broadband steady state
overall levels as measured in the free field and wind tunnel with a
6 dB per doubling of distance superimposed. These results indicate

an increase in the overall sound level o¢f tunnel data over free field
sound levels. The rate of decay is less than 6 dB per doubling of

distance typical of a semi-reverberant environment. Figure 25 pre-

sents a comparison between measured sound level in the tunnel and
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equivalent free field conditicons. These data are plotted as a function
of frequency for a distance of 10 feet from the source. Figure 26
contains these data and also data for a distance of.twenty feet from
the source, plotted with the measured free field sound level as a
reference. A narrow band analysis of the data was carried out to
determine the difference between measured tunnel and free field
broadband sound levels. Correlation techniques were used to obtain

a comparison between free field and wind tunnel sound propagation
properties. This showed a lack of correlation, independent of micro-
phone separation or distance from the source. It was concluded from
the steady state poertion of the experiments that in the octave bands
between 125 Hz. to 1000 Hz there was a large amplification of the noise
signal referenced to the same signal measured in the free field. In
addition there was a loss of sound propagation divectivity and corre-
lation. This was attributed to'the diffuse field existing in the test

sectiocn.

The Penn State Experimental Program

The Aero Wind Tunnel, which is currently undergoing modificaticn
to an anechoic facility, was used as a tast bed for obtaining compara-
tive design data., This facility can coperate in the hard wall, closed
jet configuration or in the open jet mode with .an anechoic test

est section configuration can be

cr

section, Thus the extremes in
evaluated. In addition, the plywood construction facilities temporary
placement of acoustic treatment at various positions to evaluate the

effects of treating other portions of the wind tunnel. A plan view of
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. s . . . - . g .
this facility is presented in Figure 27, The test program consisted
of source calibration in an anechoic chamber and reverberant room,
determination of the steady state and impulsive response of the wind

tunnel in four configurations and a background noise study.

Experimental Method

Scurce Selection and Calibration. - The source selected was a duodecahadron,

a regular twelve-sided pclyhedron with 3 1/2 inch speakers mounted in
each face. The duodecahedron has a mean diameter of 12 inches and is
constructed of plywcod. This source was calibrated in the Penn State
Noise Control Laboratory. Directivity patterns were determined in an
anechoic chamber, Calibration was accomplished with both randoem noise
in 1/3 octave btands from 63 Hz to 16,000 Hz center frequencies and at
9 pure tones in the same frequency range. Patterns sbout each of the
three principal axes were obtained and compared. A B & K Sine Random
Generator, Type 1024, was used to drive the speakers throughout the
calibration test program. A B & K 1/2" Condensor Microphone, Type
4133; mounted on a turntable with a 6 ft. boom was used in the collection
of all acoustic data. A standard B & K power supply and B & K Micro-
phone Amplifier; Type 2604, was coupled to the microphore. The output
signal was filtered by a B & K Band Pass Filter Set, Type 1612. The
resulting data were recorded on a B & K Level Recorder, Type 2305.

A B & K piston phone was used for calibration of the equipment. This

equipment vas also utilized during the wind tunmel tests.
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The directivity patterns indicated that the source is omni-
directional up to the 2000 Hz 1/3 octave band. Above this frequency the
source no longer behaves as a point source. This can be attributed to
the coning effect of each speaker at high frequencies which prevents
coalescence of each individual speaker signal into an cmni-~directional
source. Integration of the directivity patterns allowed calculation cof
the overall sound power level and the power level in each 1/3 octave band.
This power level curve is shown in Figure 28. These data were used as a
free field baseline for comparison to the data obtained in the wind tunnel.

Additional calibration procedurés were carried out in a reverberant
room. The source was hung off center in the 4260 cubic foot room.

Three microphone locations were utilized to measure the scund pressure
level in 1/3 octave bands from 63 Hz to 16,000 Hz center frequencies.
Random noise (20 - 20,000 Hz) was used as input at the same voltage used
in the anechoic chamber. The output signal was then amplified, filtered
in 1/3 octave bands and transcribed 5n a level recorder. The three
sound pressure levels measured in each 1/3 octave band varied only
slightly above 250 Hz, showing a true diffuse field. However, a satis-
factory diffuse field did not exist below 250 Hz. From these data the
overall power level and the power level in each 1/3 octave band were
caiculated. The results are plotted in Tigure 28 along with the power
levels computed from anechoic chamber data. The general features of the

spectra of radiated power are the same but there is approximately a 3.5 dB
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discrepancy. This could be related to the differences in acoustic
impedances seen by the source in the two ideal environments. The
overall power levels obtained were 89.5 dB in the anechoic chamber and
93 dB in the reverberant room. This calibrated source was then used

to carry out experiments in the wind tunnal.

Backegvound Noise Measurements. - The background noise associated with
o o o

the.wind tunnel and surrounding enviionment was a primary concern to
making noige measurements in the winé tunnel. The background noise
associated with the laboratory environwent with a static wind tunnel
was found to be satisfactorily low except for the intermittent opera-
tion of a few isolated pieces of equipment. These included a vacuum pump
used to operate a low density hypersonic wind tunnel, a compressor
used to operate a blecw-down supersonic wind tunnel in the laboratory
aad also to operate a two inch open jetr in the anechoic chambey, some
machine shop equipment and a large transformer located in the building.
When this machinery was operating there was a high enough background
sound pressure level in the wind tunnel test section to interfere

with experiments. This background noise was low frequency in nature,
usually below the 16C Hz 1/3 octave band. The background noise

presented no real problem because of its low frequency nature and

o}

where low frequency measurements were to be taken, they were taken
when these sources were oif.
Additional background noise data were obtained in the test

section during wind tunnel operation. These data were collected with
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two different test section configurations, a closed test section and

an open test section with an anechoic chamber around it. One micro-
phone location was in the center of the test section, oriented into

the flow for each configuration. The ndcrophone, when used to measure
flow background, had a nose cone on it. A second microphone location
was six inches below a 24 inch diamter hole in the flcor of thz clesed
test section. A second microphone location with the open jet was
outside the jet flow but inside the anechoic chamber. This location
corresponded to the center of a large eddy sfructure induced by the

jet flow which was determined by probing with a rod with a tuft.attached
at the end. The three microphone locations are shown in Figure é9as
microphone locations 21, 22; and 23, TFlow wvelocities in the test
section.ranged from zaro to 100 mpoh, the maximum attainable. Figures
30 and 3] display the background spectra with flow at microphone
position 22 with the closed test sectibn and anechoic chamber, respectively.
These curves are plotted as sound pressure level versus 1/3 cctave band
cénter frequency. The gensral features of these curves are similar

and shew approzimately a 3 dB drop for each 10 wph increment reduction
in flow velocity. The 10 and 20 mile per hour spectra for the closed
test section are higher than expected ffom the trend shown otherwise.
Thie was caused by a "scraping” sound from the motor, gear box or fan
which could have been due to a bad bearing although it did not occur

at other velocities or the same velocities with the anechoic chamber.
Comparison of spectra obtained with the closed test section and the
anechoic test section indicated a 3 to 5 dB drop in sound pressure

level with the anechoic chamber. This is illustrated in Figure 32,



During this portion of the experiments, the fan rotational speed
and flow rate were measured. The fan in the Aero Wind Tunnel consists
of an 8 bladed axial fan with backward curved blades, 13 radial stators
downstream and 6 radial supports upstream. Figure 33 is a plot of
taest section velocity versus fan speed. An almost linear relationship
exists between those two parameters as expected.

It was believed that most of the noise assoicated with these
background spectra was fan noise. As an indication of this, the
overall sound pressure level was plotted versus the logarithm of
test section flow velocity. This is shown in Figure34 plotted as
overall sound pressure level against log Uo' Above 40 miles per hour
a sixth power dependence on velccity exists as expected. Therefore
above 40 miles per hour fan noise dominates. Below this figure a
velocity cubed dependence is found.

Since the general shape of the fiow noise spectra were found
to be similar for all tunnel speeds investigated, with the overall
level having a sixth power dependence on tunnel speed zsbove 40 miles
per hour, an attempt was made to normalize these data as suggested

by Vér, Malme and Meyer (12):

) - 60 log,. (U

1 Y = ' )
SPLN (1/3 oct) SPL (1/3 OCT, Umph 10 mph

whereASPLN (1/3 OCT) is the normalized third octave sound pressure
level, SPL (1/3 OCT, Umph) is the third octave background sound

- 2
pressure level in dB (ref. 2 x 10 4 dynes/cm”) measured for tunnel

speed Uo in miles per hour. The results are plotted in Figures 35
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and 36 with an indication of the range and average valves of the normal-
ized ambient sound pressure levels as a function of the third octave
band center frequency. Figure 35 contains the data obtained in the
closed test section configuration and Figure 35 contains the data for
the anechoic test section. Both sets of data were obtained from micro-
phone position 22. The scatter in the data is illustrated by the two
solid lines. In spite of a change in speed by a facter of twoc and one
half, the relative frequency content of the signal remains unchanged
and proportional to U6. For comparison, the range of the fan
'fundamental frequency as a functionlof speed is plotted in the figures.
A corresponding shift in the spectrum shape is not evident implying
that there is a strong interaction between the fan noise and the

tunnel reverberation characteristics. A complete answer to this

wider speed range (which is not possible) and through narrow band
analysis. Thus it is apparent that the spectrum at any speed within
the range of measurements may be predicted from the relation

SPL (1/3 OCT, Um ) = SPLN (1/3 OCT) + 60 loglo (U

N\
ph mph’

Reverberation and Steady State Response. - The next portion of the

experimental program was concerned with the determination of the
wind tunnel response to a source in the test section without flow.
The source was the .calibrated duodecahodron described previously.

The wind tunnel configuration for this portion of the experiment is
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shown in Figure 29. This figure contains the twenty microphone
locations, the location of the source, tﬁe location of acoustic
treatment, and the test section configurations. Experiments were
carried out with the wind tunnel in four different configurations;

a closed test section without any type of treatment, an open jet
test section with an anechoic chamber around it, the closed test
section with acoustic treatment on the end walls of the test section
leg of the tunnel and the anechoic configuration with end treatment.
The end treatment used was two inch thick Owens/Corning Fiberglass,
Type 705. The sound absorption characteristics of this material

are presented in Figure 37. Approximately 240 square feet of this
treatment was applied to the end walls at the locations shown in
Figure 29. No treatment was used on the floor or ceiling. The

cinrmra +ha nrdren
cince Thie prime

treaiment was inetalled in a temnorary mznner,
interest was on the effects of treatment on the reverberation charac-
teristics which could be obtained with the tunnel in its static
condition.

The setup for these experiments utilized the same equipment used
during the calibration of the source. A sine-random generator was
used to drive the source at the same input voltage of 0.95 volts used
‘in the calibration with randcm noise. All acoustic data were collected
with a 1/2" microphone connected to a microphone amplifier, band-pass
filter set and level recordér. Reverberation data were obtained by

alternately switching the sound source off and on and recording the

resulting acoustic signal.
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Microphone locations 9 through 20 formed a 55 inch diameter circle
around the source. These microphone positions were 20° apart and were
used to obtain directivity patterns. Sound pressure levels were mea-
sured in 1/3 octave bands at each location. Figures 38 and 39 display
the typical directivity patterns obtained at 1/3 ocﬁave band center
frequencies of 500 Hz and 1000 Hz, respectively.. The 0° radial
corresponds to the tunnel centef line towards the diffuser and 180°,
the nozzle. The dashed portions of the closed test section data
indicate the microphone was only 22 inches instead of 27.5 inches
from the source. This was due fo wall interference at the 90° and
270° positions. Each figure contains five directivity patterns,
cdrresponding to the free field, the closed test section, the closed
test section with end wall treatment, the anechoic chanber and the
anechoic chamber with end wall treatment. The closed test section
data, with and without end treatment, distorts the directivity patterns
in the upstream and downstream directions. This is especially prevalent
in the data presented in Figure 38. The highest sound pressure levels
are obtained in these two configurations. The anechoic chamber polar
plots also show some distortion but not as much as with the closed
test section. A close approximation to free field conditions was
obtained with the anechoic chamber with end treatment. As shown in
Figure 38 there is, however, scme distortion of an opposite nature
resulting iﬁ sound levels lower than equivalent free field data in the

120° and 150° positions.
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At microphonre positions 1 through 8 both sound pressure levels
and reverberation times were measured. Figures 40 and 41 display
.sound pressure level spectra obtained at microphone locations 2 and
3. The dashed portions of these graphs indicate background levels.
The data indicate that the highest levels result in the configura-
tion with the closed test section with no treatment. Adding treat-
ment to this configuration results in a 2 to 3 dB reduction of sound
pressure level. The addition of the anechoic chamber without end
treatment allows an additional 5 to 6 dB reduction. The lowest
sound pressure levels and apparently minimum signal distortion is
obtained with the anechoic chamber with end treatment, where an
overall attenuation of 10 to 15 dB is realized over the closed test
section configuration. The best attenuation is in the range between
2350 Hz ana <UUU Hz, corresponding to the highest sound absorption

coefficients of the end treatment.



57.

A comparison of sound pressure level spectra at microphone lccations
1 and 8 with data from the AMRDL 7- x 10-foot wind tunnel is presented
in Figures 42 and 43. The AMRDL data are the same data as plotted in
Figure 26 for a distance of 10 feet. Tigures 42 and 43 are plotted
in a non-dimensional form. - The abcissa contains the non—dimensiohal
parameter, fcd/ao’ where d is the largest cross-sectional dimension
of the test section, fc’ is the octave band center frequency and,_ao,
is ﬁhe speed of sound. The value used for ao was 1127 feet per second.
The ordinate is plotted as sound pressure le&el referenced to free
field. All these data were taken wifh flat spectral content input
from the source and the microphones in all cases were 10 feet froﬁ the
source. The dashed portion of these curves indicates predominately
background noise levels. The peaks of these curves are over the same
range but the AMRDL peaks at much larger values. Annarentlv the
reverberation effect is enhanced by the steel plate construction.

Figure 44 is a display of primary and secondary modes of reverbera-
tion time for microphone locations 5 and 6 at preferred octave band
center frequencies. Reverberation times could not be found below
250 Hz because of external background interference. This external
source was the compressor that was mentioned previously. The primary
modes apparently are not frequency dependent and change only when end
treatment is added. Without end treatment the values of reverberation
time aré about 2.8 seconds, when end treatment is added this value
drops to about 2.2 seconds. The reverberation time does.not appear to

depend on the actual test section configuration. The secondary modes



of reverberant times show erratic frequency dependence. The addition of
end treatment apparently attenuates many of the secondary modes found

without end treatment.

Results and Discussion

Background Neise. - The collection of background noise data lead to the

conclusion that the fan noise dominates as a backgrouad source. The
sixth power of velocity dependence shown in Figure 34 reflects this
fact. Howéver, below 40 miles per hour a velocity cubed dependence
exists. This probably results from the fact that the fan is operating
at a lowervspeed than it was designed for. The blade twist is no longer
correct at the lower speed and the blade is probably stalled in

regions close to the hub. This causes a broad wake and #roduces

noise. Fan pitch control could ovefeomc this problem. However, the

fan is the dominate source of tunnel background noise.in the test section.
"Any noise reduction modificatjon to the tunnel should be concerned with
this fact.

A surprising fact can be seen in the measurements, displayed in
Figure 34. Both the data from the closed test section and with the
anechoic chamber are nearly the same level -while 1/3 octave band data
show a 3 'dB to 5 dB diffarence. This is especially prevalent above
40 miles per hour. Also both sets of data follow the velocity cubed
and sixth power slopes rather well. This implies a strong reverberant
response by the wind tunnel to the fan noise. This fact is also shown

by the normalized data in Figures 35 and 36, since these normalized

curves show similarity to response curves of Figures 40 and 41. The fact

that the response curves are the same general shape as the normalized
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fan background spectra and the fact that these sets of curves both show
maxima in the same frequency range also impliés a strong wind tunnel

reverberant response to the fan noise.

Steady State Response. - The effect of the various treatments used was

assessed from the steady state response data. The directivity patterns
obtained. indicated that the closed test section without end tréatment
results in a highly distorted acoustic signal. Adding end treatment
attenuated some of the reverberant response but the directivity pattern
was sfill distorfed. The anechoic chamber provided a large drop in
signal distortion over that realized with the closed test section
configurations. Directivity patterns in the anechoic chamber showed a strong
‘similarity to the expected free field patterns. End treatment coupled
with the anechoic test section gave the best overall results. The
deviapion from the expected free field noigse pattern was within 3 dB.
Measurements of spectra alsc indicated that the least signal dié%ortion
was obtained with the open jet configuration and end treatment as expected.
The reverberant response of the two wind tunnéls wheﬁ suitably
normalized with respect to a characteristic length and acoustic velocity
las a similar frequency dependence. The steel pauel construction of
the AMRDL wind tunnel produces considerable enhancement of the reverbera-
tion effect. These data also indicate qualitative comparison can be

made with different wind tunnels of approximately the same configuration.
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Impulsive Response. - The effect of end tredtment was apparent in

reverberation data. The primary mode reverberation times were reduced
by about 20 percent with the addition of end treatment. At the same
time, secondary modes, especially at higher frequencies were completely
eliminated.

One feature noted in the closed test-sectien without end treatment,
was a Teveling off or even a slight incrédse of the signal during
decay, followed by a return to the same decay rate. This is shown in
Figurg 45. 1In checking, it was found that the interval between these
"bumps" in the decay was 0.08 to 0.12 seconds. The time for sound to
travel around one circuit of the tuunel is 0.105 seconds based on
centerline distance. Therefore, these "punps' wete probably due toé the
decaying signals completing one circuit arcund the tunnel. This
~geeurrence was suppressed with tﬁe'ﬁmﬁthoi@ chhamber and was completaly
eliminated when end treatment was added with either test section con-
figuration.

From the measured reverberant times, Tr’ absorpition coefficients

could be calculated from the Sabine formula,

.049 V
ST
r

a =
Using the cited data and the wind tunnel volume, V, of 500C cubic feet
and surface area, S, of 2950 square feet, an average absorption

coefficient, o, of 0.24 without treatment .and 0.29 szith end treatment

was computed. For comparison the stesady state scund pressure was used
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to predict the absorption in the form,

]
.4 \«.poao

pzS

Q =

This results in a prediciion of G = 0.086 about one-third of the value
found using the Sabine fofmﬁla. This type of disagreement implies that
the application of simple reverberation theory to a complex geometiy,
Csuch as. a2 wind tunnel,. is not sufficient.

An aﬁtempt was made to predict the sound power of the source
using the steady state data taken in the wind tunnel and the previously’

cited relation for a semi-reverberant chamber:

2 1 4
p =pa W[ + 7
o0 Aﬂrz oS

Rearranging and taking 10 log at both sides, resuits.in

: Wopoao 1 4
PWL = SPL + 10 log [ + ==
2 Arrz aS
P, i
where
-12
PWL = power level of the source (ref. 10 watts)
~4 , 2
SPL = sound pressure level (r=f. 2 x 10 * dynes/cm™)
v = distance from source where SPL was measured
-12
Wo = reference power, 10 watts
2 - nh 2
P~ = reference pressure, 2 x 10 = dynes/cm
& = the absorption coefficient calculated from

reverberant times

S = wind tunnel surface area
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The power levels obtained are shown in Figure 46 aleng with an
average of the calibrated power levels in Figure 28,

Two cases were used for the sound pressure level to predict
power levels. These were microphone pesition 8& with the closed test
section and microphone position 7 with the anechoic chamber. The
.power levels frow the microphone position 7 agreés well with the
cafibrateﬁ pover level. However, the data from microphone positicn
8 does not agree with the calibrated‘curve.' This fact indicates that
the simple theory used here is not suitable for application in the

complex environment of the wind tunnel.
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V. CONCLUSIONS

The body of this report contains an evaluation of existing
aeroacoustic facilities, a review of theory which may offer some guidance,
and a summary of experimental data on the acoustic résponse of wind
tunnels. From this rather scanty body of knowledge, one is  faced with

arriving at ‘a déecision regarding the suitability of using a

wind tunnel for aeroacoustic research. It is concluded, with some
qualification, that meaningful data can be coilected in a low speed facility
such as the USAAMRDL 7 x 10 wind tunnel. The reservation is that extensive
acoustic treatment is required, special data aquisitions tec niqueé are
necessary and careful consideration must be given to the selection of
model scaling and the types cf experiments that can be accouplislied
~sugcessfulily,

As far as is possible, specific suggestions are given concerning the
type of acoustic treatment required. In certain areas, specific data on
the USAAMRDL facility are lacking and preoblem areas can only be anticipated
without offering specific soclutions. A discussion of facility limitations

and suggestions for further work are also given.

Reacommendations for Tunnel Modifications

Any modification program should be aimed at the test section. Based

on

©

11 that is known, acoustic treatment in this area will reap the most
benefit. In considering what should be done, there are several factors
that must be considered. Consideration should be given to a balanced
design, i.e., all possible uses of the tunnel should be considered.
Aeroacoustic research may only be a fraction of the test program. With

this in mind, any modifications should not result in a loss of capability
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for testing in other aerodynamic fields. Secondly, the modifications
should provide a quantum change in the acoustic properties of the tunnel
as it now stands. Thirdly, the whole program should be carried out at
reasonable cost.

The approach that most-closely satisfies the constraints involved
appears to be the use 0of a closed test section with resonant "abscrber
type treatment as developed in the NASA Quiet Engine Program, :ﬁ;;
treafment would be backed by standard fiberglass absorptive material to
insure treatment over a wide frequéncy range.v Of the eleven aeroacoustic
facilities cited in Table II, none have used this approach. With this
in mind, the pro and cons of the various avenues of approach shoul& be
considered in detail.

It has beéen accepted without question that an open jet facility-
with an anechoic test section is the best possible solution. Theve &¥a
however many problems associated with this type of facility which should
be kept in mind.

The aerodynamic properties of a given wind tunnel will change
drasticélly if converted from a closed test section to an open jet mode.>
Severe flow instability can be encountered and has been experienced ,
in some facilities. This problem is overcocme through proper collector
céﬁl design. Not to be discounted is the extensive region of turbuleni flow
induced in the mixing zone of the jet. Large scale velocity fluctuations
are sensed even at the centerline of the jet. Measurements of Von Frank (23)
shown in Figure 47 indicate that an open jet leaving the nczzle with only
a 0.07% turbulence level has a turbulence level of 1.25% at the centerline

at 2 diameters from the nozzle. This is due to the intermittant incursion

of large scale eddies from the mixing zone. Measured values of near field



pressure in an open jet, reported by Barefoot (24) are shown in Figure 48,
.The numbers in parentheses are the sound pressure levels equivalent to a
jet velocity of 100 meters per second. The upper portion of the diagram
corresponds to data obtained in a jet with a 10:1 ellipsoid of revolution
placed in the potential core. The lower portion of the graph contains
data for an unperturbed jet. Inspection of these data indicate that
mievophone placement within the enechéic tegt ééctiéﬁ'will be Severely
limited and complete directivity patterns will be difficult if not
impossible to obtain. Further problems with an open jet are evidenced

in the refraction effects suffered by the sound field passing through

the shear region surrounding the jet. Experimental data demonstrating this
efféct where presented in Section IIT (Figures 16 and 17). Under certain

ieps refraction corrections would bhe.

-eomnpiicated source system associated with a rotor will be very unwieldy.
The refraction correction is a function of the type and crientation of
elementary sound sources. Any znalytical corrvection would necessarily be

a function of the test object and it would be difficult to predict.

o3

inotirer problem that has been experienced inm open test sectioun
configurations is inter-collector resonance. This problem has been
experienced in the NSRLC Anechoic Wind Tunnel and the United Aircraft

R

#(D

search Laboratories Acoustic Wind Tupnel which is, described in Section ITI.
The edge tcne mechanism occcurs when a disturbance originally generated

B ' : i B
at the nozzle tip is convected downstream in time to impinge on the
collector cowl and generate a new disturbance which propagates back in

phase with another disturbance being generated at the nozzle. The problem

was resclved for the NSRDC wind tunnel by medifying the collector cowl.



The modified collector reduced the size of the seccndary vortex so that
interactions between it and the nozzle were reduced, but they were not
completely eliminated. One solution suggested by the UARL staff was to
vary the length cf the jet since the edge tone is a strong function of
jet length. However, this possibility was excluded because the length
would have to be reduced to a point where the coilector and nozzle

would interfere with directivity patterns due to scattering. The

final solution used in the UARL wind tunnel was to use a tab arrange-
ment to break up the disturbances at the nozzie. This reduced the
background noise in the range below 3000 Hz but increased the background
noise by 3dB above this range, as shown in Figure 3. The inter—coilector
résonance was a critical problem in the NSRDC and UARL wind tunneis
until some type of solution was found to minimize it. Other opew

test sections probably have a similar effect but it is minimal dre

te a fortuitous combination of jet length, jet velocity and collector
shape. The edge tone occcurrence will have an effect which may or may
not be minimized. In addition to the turbulence and refraction effects,
the open jet induces a circular pattern of flow within the anechoic
chamber which can induce self noise at the microphone.

Further problems with open jet configurations are evidenced when
testing high lift systems. Jet deflection occurs, which in some cases is
severe, producing a flow situation in the test section which is distinctly
non-uniform resulting in additional background noise, flow instability
and self noise at the microphone. It is also difficult to correctly model
the aerodynamics of a high 1lift system in an oren jet. A quote from
Heyson's (25) study of jet boundary corrections for V/STOL aircraft
models illustrates the problem: "Under similar conditions with an open

floor, large distortions of the lower boundary will occur so that, in
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practice, the corrections will be indeterminate. For this reason the
use of completely open wind tunnels for low speed and high 1ift
coefficient testing is not recommended".

The jet deflection will cause further problems by incréasing the
backgrqund noise levals.' This has been investigated at the UARL Wind
Turnel -and results are shown in Figure 5. This résults in a 10 dB

increase fnt a & degree deflection. The mechanism for this inc¥éase

is the fact that ﬁigher velocity portions of the shear layer impinge

on the collector lip. for a model rotor systém deflections will be much'
higher than the 4 degrees tested in fhe UARL wind tunnel. For this

reascn the method of correcting this problem at UARL will probably not
work when a high 1ift system is being tested. The method used at UARL was
to: increase. the area of the collector. For a substantial déflection a-
very large area increase would be necessaryv.

One advantage with an cpen test section configuration is the fact
that it is easy to provide an anechoic test section. Because it is opehn
the sound radiates away spherically and anechoic conditions can be
provided by "wrapping" an anechoic chamber around the test section.

This also allows placement of microphones at relatively large distances
irom the model.

Another disadvantage to be considered with an open test section is
the instrumentation. Neoise measurements in an open test section/anechoic
chamber can be made outside the fiow. This can be done with standard
microphones without developing a special probe to be used in flow.

There may be some self-noise or pseudo-sound due to the large eddy
structure within the anechoic chamber. This eddy structure is shown in
Figure 49 after Brownell (26}, and has been confirmed in the Aerospace

Wind Tunnel by probing with a tuft on a rod. A nose cone would not
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be much help because it would be difficult to align with the flow.
However, the velocities should be low enough not teo cause high self
noise problems,

Finally, the noise measurement constraints for this configuraticn
must be considered,

a) ‘Microphone sheuld be kept at least one wavelength, of the
lowest frequency sound being méssured, away from the source.

b) Microphone should be kept cne quarter wavelength awav from
the wedges of the anechoic chamber.

c) Microphone should avoid the corners of the nozzle and collector
to prevent scattering.

d) Microphones should be kept out of the flow since standard
instrumentation is used.

e) Microphones should be kept out of the nozzle and diffuser to
avoid reverberant problems.

The altermative to the cited problems with an open jet configurations

)

is of course reteuntion cf a closed test section if the tunnel is already so
equipped. Without treatment, the reverberation effects will be too severe
to consider any serious acoustic testing. However, considerable strides have
been made in developing hard wall surfaces with good sound absorption
¢haraqteristigs, Treatment in a c¢losed test section might consist ct a
porous wall backed by a resonant chamber for low frequency atternuation and
a fiberglass blanket for high frequency attenuation. The fréquency range
of the low frequency treatment can be broadened by tuning
adjacent walls for different frxequencies as shown in Figure 14. The
results of the calculated abscrpticn in the AMRDL 7 x 10 foot wind tunnel

‘using the procedure of Beranek (18) are shown in Figure 50. Here the predicted
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increase in hall radius is shown as a function of frequency. This
calculation is based on the predictad change in absorpticn in Sabines
over that found from reverberant decay measurements with an impulsive
sound source. This type of comparison is qualitative at beét, since

the definition of hall radius is based on the idea of a semi-reverﬁerant
room. The region within the hall radius is domiﬂated by the direct
fieid and presumably measurements within this region contain little
contamination from reverberation effects.

Another problem with a glosed test section is the fact that all
measurements must be made within the'flow. Additional problems then are
the self noise of the microphone and the pseudo-sound inherent with
natural turbulence in the flow. Figure 51 contains a comparison between
the measured background level in the AMRDL 7 x 10 foot wind tunnel and the
reported (27) salf noise of a R & K Mndal 4131 mirnenhone with nnee cona,
In this particular case improvements in tunnel background noise would have
to be followed by improvements in instrumentation. The frequency
distribution of this self noise is rather flat as seen in Figure 532. Here
a comparison is made betweeﬁ the 1/3 octave spectrum of the B & K
microphone, the background level in a rather noisy wind tunnel and the
predicted pseudo-sound due to a 1% turbulence level. The pseudo-sound
is estimated from the pressure #ptensity in isotropic flow:

(37 10 ol
A flat spectrum is assumed over 3 decades and corrected to equivalent 1/3
octave bands. In this case substantial reductions in background noise may
be made without the necessity to improve the instrumentation at low

frequencies. At high frequencies improvements in instrumentation are
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necessary but would be in vain due to the pseudo-sound noise floor.
In other words, a balanced aporeach to the problems of wind tunnel
design involvés both the wind tunnel itself, and the instrumentation.

Several authors cite pressure measurements in turbulent flows which
are summarized by Barefoot (24). It is believed thaf gsome of this
experience can be directed toward the problem of noise measurements in
flow. One problem appears to bevthe use of a screen coverad opening
in the design of most wind screens. This induces turbulent flow and
resulting self noise. Experience shows thaf four equally spaced holes
around the periphery of a streamlined pressure probe perform the same
function of space averaging the pressure field. The lack of sensiﬁivity
to flow angle for such a probe as measured by Barefoot (24), is shown
in Figure 53, The jdea here is to keep the flow laminzar over the bedy.
At high flow velocities a body with a faveorable pressure gradient over a
considerable length is necessary. Such bodies can bé easily déveloped.
An example i1s shown in Figure 34 from Eisanberg (28). This bedy has the
same shape as the cavity behind a disk in supercavitating liquid fliow.
Since the walls of the cavity are a constant pressure surface, a similar
shaped body has the same pressure distribution. Bodies of similar shape
may be useful for enclosing microphones. The authors believe an improved
probe can be developed along these lines that would give a 20 dB improvement
in self noise over a standard microphone with nose cone.

Anouher'major consideration is that the far field is at least one
wave length away from the source. This places restrictions on the model

scale in certain positions. Thea confining walls of the test section limit
r B

the distance a microphone can be positioned from the source. However, a
properly designed clcsed jet test section will allow sound measurements

in the region of the tunnel centerline which are usually not possibie with
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an open jet configuration. Again the idea of balanced design crops up.
Treatment at the wall should be such that the hall radius, possible
microphone positioning and typical scale-frequency combinations all

be consideréd together. By this it is meant that if the physical size
of the test section places a lower limit on frequency, then it is not
practical -to go to the expense of providing accustic treatment for much
lower frequencies. (The major expense in acoustic treatment bﬁing_the
problem of absorption in the low frequency range).

In considering the pros and cons cf the-two types of test section;,
the authors believe that a closed jeﬁ test section provides a cost
effective alternate to fhe more or less standard open jet configurétion.
The technology for hard wall accustic treatment cam be drawn from other
fields, i.e., the NASA Quiet Engine Program. Constraints on model scal-
ing and directivity information are outweiehted bv the utilityv »f the
ciosed jet configuration in areas other than aeroacoustic. Objections
to measurements within the flow can be overcome with the development
of instrumentation that is within the state of the art.

Another portion of the wind tunnel that requires treatment is all
four corner sections. Treatment is recommended here for both the
end walls and the turning vanes. It is suggested that all end walls
around-the turning vanes be tresated. Here end walls refer to all flat
surfaces in the corners, i.e., walls, floor and ceiling. Recommended
treatment is fiberglass blankets or boards covered with some combination
of perforated metal, screen and mylar to prevent flow ercsion of the

fiberglass. The fiberglass covering material to be used depends on the
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.flow velocity in a particular corner. This treatment could be mounted

in two configurations. One configuration would be to mount the fiber-

glass and covering on existing wind tunnel surfaces. However, this is

ﬁrohibitive due to added tunnel blockage and alsc more extensive covering

would be required. The second mounting would be to remove existing sur-

Laces in the corner and mount the covering flush with the walls with the

fiberglass behind this. The walls would then be replaced behind the

fiberglass as a hard backing and support for the treatment. The dis-

advantage of this type mounting would be the expense of removing the

walls and replacing theﬁ behind the treatment. However, this second

type of mounting does not restrict the thickness of the fiberglass

which will determine the amount and frequency range of attecnuation.

The recommendation by the authors is the use of 2 to 4 inch thick fiber-

gloce wmoontcod oo the cxicting walls, Removing these walls Lo fiush wowii

the treatment would not be cost effective. The screening to prevent

flcw erosion should closely follcw Table 10.8 of Beranek (18), Figure

55 herein. This table iists necessary protection for fiberglass treat-

ments for flow velocities up to 300 feet per second. Appendix C lists

verious manufacturers of standard fiberglass treatment and screen coverings.
The functicns of this treatment differs for the fromt and back

corners of the wiud ‘tunnel. The front corners, at the end of the test

section leg of the wind tunnel, are treated to reduce reflection of

sound from the source back to the test section, thus providing more

nearly anechoic conditions in the axial directions. he back corners,

at the end of the fan leg of the tunnel, are treated to attenuate

background noise from the fan and prevent most of this sound from reaching
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the test section. The treated front corners will also reduce the fan
noise and other baclkground sources to some extent. The treated corners
will reduce secondary decay rmodes and the decay 'bumps' described in
the experimental section of this report. This type of corner treatment

will also reduce the tunnel reverberant response.

Corrections to Specifiec Problems

This section serves as a guideline to correct specific problems
that may or may not exist after the test section and tunnel elbow
modificaticns have been made. The data that is presently available
ié not sufficient to determine if certain.problems will exist in the
- USAAMRDL 7-x10-foot wind tunnel. However, testing in the one
tenth model of this facility may help in determining if there are
any aerodynamic problems associated with the propcsed modifications.

ection arc higher then

19}

If the background spectra in the test
desired in the upper frequency range and if the source of this noise
is determined to be the fan, then turning vane treatment is required.
The turning vanes will tend to focus high frequency sound around
corners without allowing it is be absorbed by the end wall treatment.
This treatment could be in the form of porous acoustic material which
could take on an airfoil shape as cited by Bauer and Widnall (4).
Damping material could be used to prevent "singing' of the turning vanes
if this should be a problem.

If low to midrange frequency background noise from the fan or cther
sources is found in the test section and if most of this noise if found to

be propagating to the test section from the downstream direction, then it
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is recommended that the diffuser be redesigned and a muffler be added
to the diffuser. If this prcblem does exist most of the noise will be
propagating from the downstream direction. The nozzle reflects lower
frequencies away from the test section. This is demonstratéd by
Schultz (14). The type and design of the muffler will depend on what
frequency range is troublesome.

If there is a high background sound level in the test section
from sources other than the fan, then fiberglass treatment is necessary
in selected areas. These areas deﬁend on the source and magnitude
of the background noise and must be éelected by experiment in the Wind
tunnel or model tunnel. The covering of the fiberglass should be
selected from Figure 55 from Beranek (18).

If there is a high background sound level from the fan for specific
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stalling. A number of corrections to this problem are possible. TFirst,
corresponding test section velocities can be avoided. fan pitch con-
trol and fan speed control may be necessary. The fan could also be
redesigned for low noise aqﬁ high efficiency over a large velocity
range. If this background noise is pure tone in nature, then the
distanée betweentﬂu&rotor‘and stators should be increased. The effect
this will have is shown in Figure 56.

A panel excited vibration can be corrected by reinforcing or
sandloading the troublescme panels. If the source of panel excitation
is determined to be secondary corner flows, then corner fillets will

eliminate the excitation scurce. 1f the vibrations are excited by the
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fan or powerplant, then vibration isolation and vibration decoupling
the source is necessary. 1If the source of vibration is something
foreign then the tunnel should be vibration isolated from the
foundation.
The problems outlined above are the most probable ones that might
be found in the 7-x10-foot wind tunnel. Other problems would probably
be related or be treatable by the methods outlined above. Alllrecommenda—

tions are reiterated in Table IV.

Expe?imental Prqcedureé

To facilitate making noise’meaéuremeuts in a wind tunnel various
experimental procedures are recommended. By proper scaling techniques,
the noise from a model rotor can be scaled into the frequency range
where the acousticAtreatment provides optimum performance. This
would insure maximum bepefit from anv acoustie treatment Correlaticn
techniques described in this report may prove extremely useful in

extracting the rotor noise signature from the background noise.

The use of microphone probes within the flow has not reached the
peak of vpossible development. Recently Arndt and Nagel (29) reported
the use of a pressure probe to obtain near field data. These data
gave congiderable information about rotor noise harmonics not evident
in the far field signal. Figure 37 and 58 present a comparison of
near field and far field data obtained under comparable conditions.
The microphone probe was positioned upstream of the rotor in such a
manner that contamination from broadband components of the rotor noise
are almost eliminated. Note the higher harmonics in the near field
spectrum which are masked by broadband components in the far field

noise signature. Arndt, et al., (30) and Barefoot (24) have successfully
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used such probes to measure pressure intensity and cross correlation
of the pressure field in the mixing zone of an open jet. This type
of probe appears to be far more satisfactory than the use of conven-

tional microphones with wind screens.

Data Correction
-

Perfect acoustic properties will not be achieved with any
reasonable modification of an existing wind ‘tuntiel. However, data
correction procedures, such as first suggested By Hartman and
Soderﬁan (5) and revised to include frequency dependenée by Arndt
and Boxwell (11) may be proved valid after treatment reduces the
magnitude of the correction. Several correction techniques discussed
in the previocus sections may also prove suitable. Aerodynanic, correcitions.

discussed in this section will also bé neceéssary.

Limitations on Exnerimental Research

Although the state of the art in acoustic treatment, aerod?namic
theory, correlation analysis, etc., can be utilized to achieve reason-
able success in a rotor acoustic research program, it should be
emphasized that certain limits will exist after full utilization of
the suggestions in this report. Cost constraints will limit the
amount that background noise and reverberant buildup can be reduced.
This will set a lower iimit on the noise level of a model rotor.
Further theoretical analysis is also required to gain confidence in

the correlaticn techniques just now being reported in the literature.
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Sugeestions for Further Work

Although the data base is limited, there appears to be enough
evidence to indicate that the USAAMRDL 7-x10~foot wind tunnel can
be modified to permit aerocacoustic testing. Therefore it is suggested
that a detailed design study be initiated at this stage, incorporating
the suggestions contained in this -report. Coincident with this study
there shculd be a test program to evaluate the aerodynamic and
acoustic propertiesiof the test section. Aerodynamic tests can
evaluate the influence of slots or holes in the test section walls
-with regard to possiblé surging, Aboundary layer buildup and its
influence on diffuser performance, etc. This work can be carried
out in the 1:10 mcdel of the subject wind tunnel.

A study should be made to. include but not to be limited té,
selection of hard wsll acoustic treatment with maximum attentnatrinn
in the frequency range where reverberation effects are at a maximum,
an in-depth study of acoustic modelling including the additiomal
effects of air absorption due to frequency shift, variaticns in
materials, and the frequency dependent absorption characteristics
of accustic treatment. Consideration should be given to modelling
the effects of reverberation in the tunnel circtit eon the acoustic
properties of the test section. A model scale should then be selected
and a model designed.

At the present time a 1:2 scale would appear to be best for
acoustic tests. The influence of reverberation could be handled

by designing the mcdel such that ends can have either anechoic (with
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wedges) or hardwall termination. Data should be collected to first
e?aluate the accuracy of the tuned chamber design procedure and to
study the influence of additional absorptive material in the chamber.
The extremes of anechoic and hardwall termination should give an
estimate of the overall effect of the treated test section when
coupled to the entire wind tunmel circuit. Information should be
gathered on the relative influence of wall perosity and configuration
such as hcles or slots. This work should be coincident with the

aerodynamic testing.

Finally, an assessment of the probable types of vehicles that
will be tested in the future should be made to cobtain an inteﬁsity—
frequency envelope in which noise measurements will prcbably be
made. This will determine the type of probe design that would be
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consideraticn since the decision to use a closed jet test section

should be based both on acoustic performance of the tunrnel and the

ability to collect acoustic data within a flow.
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Summary

The present use of conventional wind tunnels in aeroacoustic research
is probably limited to gualitative evaluations of relatiye noise levels
from various configurations. The acoustical properties of such facilities
are extremely complex and simple correction procedures based on the simple
theory for a semi-reverberant enclosure do not lead to accurate answers
for complex acoustic problems. Suitable acoustic treatment can lead to
an acceptable aeroacoustic facility. It is suggested that consideration
be given to a treated closed jet configuration.

In conjunction with any acoustic modifications, ‘improvements are necessary
in the types of microphone probes used to collect acoustic data in a flowing
media. Proper selection of model size is necessary to insure that the fre-
quency range of interest falls within the acoustic capabilities of the
facilitv. Further research is also necessarv to improve acoustic sienal
detection techniques to allow measurement of diréctivity and spectral

density in a less than ideal acoustic environment.
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Figure 48. Pressure Field in Unperturbed and Body Perturbed Jets

Note: Numbers in parentheses correspond to SPL in dB
re: 2 x 1074 dynes/cm2 at a tunnel speed of 100
meters/sec. (After Barefoot (24))
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Figure 54. Example of Constant Pressure Body Suitable for
Microphone Housing (After Eisenberg (28))
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APPENDIX A. TINVESTIGATION OF PANEL DAMPING ON REVERBERANT BUILDUP

During the course of this investigation the question of the effect
of damping material on the outside of the tunnel was considered. The
problem was to determine what happened toreflected energy, and if it
could be decreased by using a viscoelastic material on the outside of
the tunnel. This type of treatment would be easy to apply and would
serve the additicnal purpose of raising the resonance frequency of the
panels.

To investigate this question a single panel was considered as a
series of spring-mass-damper systems, as shown in Figure A-1, where
P is the incident pressure, P is the transmitted pressure, and P,

is the reflected pressure defined by,

p. = A, ei(wt—klx) (A=1)
_ i(ettk, %)

P, = Bl e 1 (A-2)
. -l \

P, = A, e Wtk ,x) (a-3)

The displacement of the wall is uniform and equal to & normal to its
space, & is the panel velocity, both positive in the positive x
direction as shown in the figure. The constants are defined as, m,

the mass per unit area, k&, elastic force per unit area, b, damping

constant. The damping constant is made up of two parts, the damping



149.

inherent in a real spring, i.e., panel, kn/w, and the added damping, ba

Therefore, b = kn/w + ba' The differential equation to be solved is,

2 . .
A N S I T L (A-4)
ol dt 1 |

The solution to this equation results in the particle displacement

at x = 0,
24,
£, = — (A-5)
4(k - wm + iw (2pa + b)

The particle velocity at x = 0 is obtained through differentiation
of equation (A-5):
2A

£, = ———— (4-6)
i(wm - k/w) + (2pa + b)

The transmitted presgure smplditude AZ = naf fe oiven by
- - - . 40’ (&4 /
A
= 1
A, = - . (A-7)
. b+ ifwm -~ k/w)
1+ o
ZPa

From continuity of wvelocity,
A - B =A (A-8)

Defining Bl/Al as the fraction of reflected energy the result is,

B A

1.

Reloacl- - . (8-9)
1 1 l+b+i(wm-—kjw)

2pa
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In the undamped case the fraction of reflected energy is,

Bl 1

—_ = ] -

Al i(wm - k/w
1+

2pa

Therefore, the effect of adding damping to the outside of the
tunnel would be to increase the fraction of energy reflected over the
entire frequency range. The added damping apparently would be

detrimental to the purpose at hand by causing a reverberant buildup.
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Figure A-1. Spring-Mass-Damper Model of a Panel
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APPEXNDIX B. DESIGN PROCEDURE

The design procedure described in Section III is given here in
detail. Also shown are sample calculations from which the results in
Figures 7 and 8 were obtained. Figure 7 also shows the duct with
appropriate dimensions. Theis design procedure is taken from Beranek (14)
Section 15.3.

- Step 1 Choose the duct height h. Choose this as small as
possible because attenuation increases rapidly with decreas-
ing duct height. The choice of h also governs the bandwidth

of the attenuation curve.
Sample h = 3,5 ft.

Step 2 Choose the frequency fo where maximum attenuation is
desired, and using h from step 1 calculate the frequency

parameter n = 2h fo/ao

Sample fo = 400 hz
2+ 3.5 ft. * 400 hz
No = 1127 ft/sec = 2.49

Step 3 Calculate the depth d of the treatment

d=2.9 x 103/fO no (inches). Find size of honeycomb cells

\
§ < “0/4
3
2.9 x 10
ampl = m—e—————— = ), in.
Sample d (400) (2.49) 93 in
A
0 1127 1
< — = ==£L . = 2
§ 4 400 4 .70 fet.
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Step 4 TFind the thickness, t, of the porous layer, t< Ko/lO.

And calculate the flow resistance Rl 1.5 x lDano/t {mks

rayls/m, t in inches).

o

o 1127 1 _
10~ 400 10

It
-

|
N
~4
Hh
ct

Sample t <

t < 3.38 in.

. 4
_ (L5 x 10% (2.49) 4
R, = 3,38 &= 1.; X 10" mks rayls/m

Step 5 Calculate normalized flow resistance Rf/pao= .92no

From these data a suitable material can be chesen. The values

R1 and Rf are related by Rf = th
R

L f
m = ,92n = 2.2
Sample pao 92]o 9

Step 6 Set up a table with values of n across the top. Use

no as one of these and a few higher and lower values.

Sample See Table B-1 for sample calculations of

remaining steps.

Step 7 On the next line find the frequency, £, corresponding

to the wvalues of f = nao/Zh.

Step 8 Calculate normalized reactance of the lining for each

~

frequency, X/pa = 2.23 x 103/ fd (d in inches)

Step 9 From the values of n and X/pa find X/nfa
"o o
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Step_10 TFrom the value RE/Q%)(Step 5) and X/pad calculate

Step 11 From Figure B-1 and the values of Rf/X from Step 10
find IZI/X and ¢. For each value of Rf/X enter the graph from
the right-hand scale, project a horizontal line to the curve
marked Rf/X. ¥rom the point drop a vertical line to the curve
marked !ZI/X. From this pcint read the values of |Z]/X from

the left hand scale and ¢ from the lower horizontal scale.

Step 12 Find iZL@aoﬁby multiplying values of |Z]|/X by the

correspondong value of X/pa 1.
o

'Step 13 TFor each pair of values lZVpa n and ¢, select the design
curve of Figure 3-2 with the ccrresponding value of 1. For values

N > 1 use the n = 1 curve.

Step 14 Letermine Dh’ the attenuation in dB per length of duct
egual to the height by entering the proper chart with the values

IZl/paJWand % and interpolating among the contours.

Step 15 To get the total attenuation for a length of duct L

multiplying D, by L/h.

h
Sample L = 15.6 ft.

L/h = 4.45



TABLE B-1
n 1.5 2.0 2.49 3.0 3.5
£ 241 322 400 482 561
X/pa_ 3.18 2.38 1.92 1.59 1.37
x/nOaO 2.12 1.19 .77 .53 .39
R./X .72 .96 1.19 1.44 1.67
|z]/x 1.25 1.4 1.5 1.8 2.1
¢ ~1.0 -.85 -.75 -.65 -.5
|2 /pa n | 2.65 1.67 1.16 .95 .82
D, 1.7 5.0 7 3.5 2.7
L/h xD | 7.6 22.2 31.2 15.6 12.0
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APPENDIX C

The following is a partial list of companies that manufacture

standard acoustic treatments:

Eckel Industries,; Inc.

Johns-Manville

Armstrong Cerk Co.

Fittsburgh Corning Corp.

Sintered Specialities Div., Parker Pen Co.-
U.S. Mineral Products Co.

Arno Adhesive Tapes, Inc.

PPG Industries, Fiber Glass Div.

. Conwed Corp.

10. Troymills, Inc., Industrial Products Div.
11. Brokaw Cork Co., Inc.

12. Asbestospray Corp.

13, Ultra-Adhesives, Inc.

14, Markel Rubber Products Co., Inc. Y

.

WO WL S WON

I
15, Deccofelt Corp. \_

16. TFlock Process Corp.

17. American Rubber & Plastics Corp.
18. The Aeroacoustic Corp.

19.. Carev Electroniecs Fneinesrine o,
20. Vibration Eliminator Co., Inc.
21. Dolphin Paint & Chemical Co.

22. Duracote Corp.

23, Brunswick Corp., Technical Products Div.
24, Celotex Corp. '

25. Cwens - Corning Co.



